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Abstract 
The popularity of delivery drones is constantly increasing due to their ability to deliver 

packages more rapidly and economically than current transportation methods. Consequently, 

drones have been employed by logistics companies for delivering payloads to hard-to-reach 

places and for daily door-to-door deliveries. However, logistic companies focus mainly on large 

platforms for long-range (<150km) and last-mile delivery (<20km), not designed to deliver di-

rectly to individual consumers. The drones suffer four major limitations: limited safety, difficulty 

for storage and poor portability, poor adaptability to different sized parcels and lack of user-

friendliness. 

Safety limitations arise from the unshielded spinning propellers. Drone operators have to utilize 

secure take-off and landing locations, away from people e.g. on runways, rooftops and fenced-off 

areas. Unshielded propellers and large-sized platforms limit the drone’s capability to deliver par-

cels in crowded urban environments. Moreover, landing in remote locations is challenging due to 

dense vegetation or inclined surfaces such as mountains. A common solution to shield propellers 

is to adopt a protective cage to enclose the drone. However, this approach generates a large 

amount of drag on the drone that reduces its aerodynamic efficiency. Presently, storage and trans-

portation of drones to the deployment area are inconvenient, especially for large flying platforms 

needed for the delivery of large or heavy parcels. Similarly, the use of large platforms and their 

software is limited to trained operators. Finally, sizes of delivered parcels vary significantly and 

the adaptability of current drones is limited; most drones can only deliver parcels of a predefined 

size. 

This thesis focuses on the design process of parcel delivery solutions that addresses the above-

mentioned limitations for person-to-person and short-range delivery services. These solutions are 

integrated into a single aerial delivery system known as Dronistics (“Drone” and “logistics”).  

This new system consists of the hardware component, which includes two drones code-named 

PackDrone and GearQuad, and the software component called SimplyFly. 

The integrated parcel delivery solution comprises the following features:  

 Transportation of parcels of variable sizes  

 Enhanced safety for people, the drone and the transported items 

 Easier storage and transportation of the drone 

 Usability of the delivery drone - software interface for inexperienced users 

 An energy-efficient system 

Transporting parcels of variable size was realized using a new design approach of placing the 

parcel above the propellers in both drone platforms. This allows transportation of super-sized 

parcels larger than the drone while maintaining the vehicle’s small footprint. Moreover,  

PackDrone addresses the safety, storage and transportation concerns by integrating a quadcopter 
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within an origami-inspired foldable cage. The cage separates the propellers from the external en-

vironment, which includes people, obstacles and the parcel as well. For easier storage and trans-

portation, PackDrone folds in a single hand movement, reducing storage volume by 92%. Gear-

Quad on the other hand, overcomes the above limitations and improves safety and aerodynamic 

efficiency. The very dense cage of GearQuad allows it to fly near children and land in the hands 

of the consumer (last-centimeter delivery) or in hard-to-land environments. Its morphing arm 

mechanism ensures high aerodynamic efficiency by deploying the propellers outside the cage 

during flight. SimplyFly was designed with an easy-to-use and intuitive user-interface, regardless 

of the user’s experience and is compatible with other drone designs. Overall, the system demon-

strates very high versatility and usability compared to actual delivery drones in several proof-of-

concept test flights and public demonstrations. 

Keywords 

Flying robots; Intelligent Transportation Systems; Unmanned Aerial Vehicles; Foldable struc-

tures; Human-robot interaction; Last-mile delivery; Last-cm delivery; Efficiency; Variable-sized 

parcels.  
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Résumé 
La popularité des drones de livraison ne cesse d’augmenter en raison de leur capacité à 

livrer des colis de façon plus rapide et économique que les méthodes actuelles. En conséquence, 

certaines entreprises de logistique utilisent déjà des drones pour acheminer des objets dans les 

endroits difficiles d'accès et pour des livraisons porte-à-porte quotidiennes. Ces entreprises s’in-

téressent principalement aux appareils de livraison pour les longue distance (<150 km) et pour les 

derniers kilomètres (<20 km). Néanmoins, ces plate-forme ne sont pas conçues pour faire des 

livraisons au contact direct des clients. En effet, elles souffrent de quatre limitations majeures: 

une faible adaptabilité à des colis de tailles différentes, un manque de sécurité, un stockage avec 

une transportabilité difficile, et un manque de convivialité. 

Le manque de sécurité est principalement dû aux hélices des drones qui ne sont pas protégées. De 

ce fait, les opérateurs de drones doivent utiliser des lieux de décollage et d'atterrissage sécurisés 

et éloignés de la population comme des pistes d'atterrissage officielles, des grands toits ou des 

zones clôturées. Les hélices non protégées et les grands appareils limitent ainsi la capacité du 

drone à livrer des colis dans des environnements urbains densément peuplés. De plus, leur atter-

rissage dans des endroits reculés est complexe en raison d'une végétation dense ou de terrains 

inclinées comme en montagnes. Une solution courante pour protéger les hélices consiste à ajouter 

une cage de protection entourant le drone. Cependant, cette approche génère une traînée impor-

tante sur le drone réduisant de fait son efficacité aérodynamique. À l'heure actuelle, le stockage 

et le déplacement des drones vers la zone de déploiement sont peu pratiques, en particulier pour 

les grandes plates-formes utilisées pour livrer des colis lourds et volumineux. De même, l'emploi 

de ces grandes plates-formes et de leurs logiciels est limité à des opérateurs qualifiés. Enfin, la 

taille des colis livrés varie considérablement et l'adaptabilité des drones actuels est limitée car la 

plupart ne peuvent livrer que des colis d'une taille prédéfinie.  

Cette thèse se concentre sur le processus de conception de solutions de livraison de colis qui 

aborde les limitations susmentionnées pour les services de livraison de personne à personne et sur 

des courtes distances. Ces solutions sont intégrées dans un système de livraison aérien unique 

appelé Dronistics («Drone» et «logistics»). Ce nouveau système est composé de deux drones 

nommés PackDrone et GearQuad et d'un logiciel appelé SimplyFly. 

Le système comprend les fonctionnalités suivantes: 

• Transport de colis de tailles variables 

• Sécurité accrue pour les utilisateurs, le drone et les objets transportés 

• Facilité de stockage et de transport du drone 

• Facilité d'utilisation du drone de livraison - interface logicielle pour les utilisateurs 

inexpérimentés 

• Un système économe en énergie 
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Le transport de colis de taille variable a été réalisé en utilisant une nouvelle façon de positionner 

le colis - au-dessus des hélices. Cela permet de transporter des colis de très grande taille, y compris 

ceux étant plus gros que le drone, tout en maintenant le faible encombrement du véhicule. De 

plus, PackDrone résout les problèmes de sécurité, de stockage et de transport en intégrant un 

quadricoptère dans une cage pliable inspirée de l'origami. La cage sépare les hélices de l'environ-

nement extérieur, des gens, des obstacles mais aussi du colis. Pour faciliter le stockage et le trans-

port, PackDrone se plie en utilisant une seule main, réduisant ainsi le volume de stockage de 92%. 

GearQuad quant à lui, surmonte les limitations mentionnées ci-dessus et améliore la sécurité et 

l'efficacité aérodynamique. Sa cage très dense permet de voler à proximité d'enfants et d'atterrir 

directement dans les mains de l'utilisateur ou dans des environnements difficiles. Les bras mobiles 

du quadricoptère garantissent une efficacité aérodynamique élevée lorsqu'ils sont déployés à l'ex-

térieur de la cage. De plus, le logiciel a été conçu pour une utilisation facile et est compatible avec 

d'autres modèles de drones. Globalement, le système fait preuve d’une très grande polyvalence et 

d’une grande facilité d’utilisation par rapport aux drones actuels, ce qui a été démontré lors de 

multiples vols d’essais et démonstrations publiques. 

Mots-clés: 

Robots volants; Systèmes de transport intelligents; Véhicules aériens sans pilote; Structures 

pliables; Interaction homme-robot; Livraison du dernier-kilomètre; Livraison du dernier-centi-

mètre; Efficacité; Colis de taille variable. 
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 Introduction 
 

ELIVERY drones can transport objects fast and efficiently. They can even deliver to 

places previously considered too hard to reach. However, unshielded propellers pose a 

serious threat, especially to inexperienced users. Additionally, the large size of current 

delivery platforms limits their capability to be stored or easily transported. Software to control 

and navigate drones is designed mainly for trained operators. As a result, drone usage has not 

been extended to the layperson. In this chapter, an analysis of drones currently used for delivery 

is presented, followed by a state-of-the-art review of existing protective structures for propellers, 

current foldable designs for vehicles and available software to program drones for autonomous 

flight. Finally, the main contributions of this thesis are described. 
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1.1 Motivation and Challenges 

Drones are able to fly rapidly from one point to another. They can traverse densely pop-

ulated environments and reach remote locations with limited road infrastructures. For these rea-

sons and due to their low cost of manufacture and operation [1], drones are effective solutions for 

cargo transportation and delivery [4]. Last mile delivery is the most challenging part of the logistic 

chain and is also the most expensive (more than 53%)[7]. That is why major companies have 

developed various flying platforms (Section 1.2.1). However, they are affected by issues that limit 

their full exploitation, which includes delivering parcels directly to people.  

For example, safety of people is compromised due to the unshielded spinning propellers that can 

cause severe injuries when flying close to people [9]. In addition, the malfunction of the propul-

sion mechanism due to battery or motor failure can cause the drone to crash. The cargo has no 

protection in the event of a crash, which hampers the transportation of fragile packages [10]. One 

of the most common solutions to protect people against the rotating propellers is the use of a 

protective cage. The cage separates people and obstacles from the propellers and protects the 

payload, which is placed inside the cage, during a crash. However, this approach does not provide 

sufficient protection or efficiency; dense cages reduce aerodynamic efficiency while less dense 

structures do not provide enough protection. Drone storage and transportation to deployment lo-

cations are often difficult, particularly in the case of bulky flying platforms for delivering large 

and heavy cargos [10]. The transportability issue is even more problematic for operators who 

need to deploy several drones at the same time. Furthermore, the adaptability of current platforms 

to transport different sized cargos is poor. Currently, available platforms carry packages of pre-

defined sizes with logistic companies delivering boxes of 2kg weight on average [12]. However, 

package dimensions can vary enormously [14]. Adopting a fleet of heterogeneous drones to de-

liver parcels of various sizes is inefficient; small drones cannot be used for heavy parcels while 

large drones are oversized and require high costs for delivering small packages. Therefore, pres-

ently, logistic companies need cargo-specific drones, which are expensive and time-consuming 

to operate. In addition, the software used to control and navigate large delivery drones with unse-

cured dangerous propellers are designed for trained operators and are not appropriate for laypeo-

ple, preventing the possibility of person-to-person drone delivery.  

These limitations show that the drones used by logistics companies are catered for last mile-de-

livery (<20km) from secured places-to-places (e.g. between warehouses, hospitals, businesses), 

rather than person-to-person. To the best of the author’s knowledge, a drone delivery system that 

can be used safely and easily by laypeople to deliver objects over short distances has never been 

developed.  

The purpose of this work is to establish a safe, fully integrated system for delivery of variable 

sized parcels with valuable loads directly from person-to-person over short distances (<5km). The 

author of the thesis has defined a 5 km distance limit for last-centimeter (cm) delivery. The ‘last-

centimeter’ description was selected to distinguish between the large, heavy platforms and the 

smaller drones used specifically for lightweight payloads and shorter ranges. The ‘last-centimeter’ 

description also explains the requirement of high-precision delivery needed for congested envi-

ronments. This thesis presents the design process of developing a last-cm drone delivery system 

for inexperienced users, in which the transportation and delivery of goods are needed (e.g. door-

to-door delivery, search and rescue operations, delivery to remote areas, etc.). The final system 
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should be safe for people, robots and cargos. It should be convenient to store, transport and utilize 

while still enabling the delivery of payloads of various sizes. Thus, the drone delivery system 

solves the above-mentioned limitations and problems. 

The safety concerns of the delivery drone will be addressed by an innovative platform design, 

which includes protective structures integrated into the drone’s frame (e.g. a surrounding cage 

that can be opened for cargo loading and unloading and secured during flight) to insulate the cargo 

and the motors from the environment. The ease-of-storage and transportation limitation will be 

addressed by developing a foldable structure: a foldable frame and cage that undergoes remarka-

ble volume reduction when folded. Concerns about the malfunctioning of the propulsion system 

will be addressed using multiple redundant batteries and motors. The demands of competing re-

quirements, safety versus efficiency, will be solved by designing a dense cage and a morphing 

quadcopter structure. The drone’s versatility and usability will be enhanced by placing the parcel 

carrying above the propellers that will allow carrying different sized parcels, including supersized 

parcels, clearly bigger than the drone’s footprint. Finally, an easy-to-use software for navigation 

will be developed as a WebApplication that can be used on any operating systems and any port-

able devices, without the need of installing the software on the device. An intuitive, user-friendly 

Graphic User Interface and photo tutorials will allow inexperienced users not familiar with drone 

technology to operate the system comfortably, sending parcels between people rather than places.  

The highlights of such a next generation drone system include its usage in multiple application 

scenarios. During search and rescue operations, rescuers in the field could easily transport a fold-

able drone. Moreover, if an uneven terrain or the lack of landing space hampers the landing of big 

drones, our small-sized drones can resolve these issues, as they require a very small landing area 

and can land via grasping of the shielded drone by the consumer for safe landing. During delivery 

in public premises, the shielding cage will protect inexperienced users from injury when close to 

the drone or when loading it. The drone’s foldability would reduce the platform volumes, resulting 

in significantly reduced space and storage costs for logistics companies (especially in the case of 

multiple platforms). In addition, the capacity to deliver super-sized parcels would allow compa-

nies to use a single drone size (based only on package weight). 

1.2 State of the Art 

The state of the art is presented relative to flying platforms used for transportation (Section 1.2.1), 

safety mechanisms for drones (Section 1.2.2), foldable structures and drones (section s 1.2.3), and 

existing software to control and navigate drones (Section 1.2.4). This is followed by (Section 1.3) 

the main contributions and the thesis organization. 

 Existing drone delivery solutions 

Current drones used for cargo delivery can be classified into three main categories: fixed-wing 

(Fig. 1.1E), rotary (Fig. 1.1A, C, D, G, H, J) and hybrid aircrafts (Fig. 1.1B, F, I). 

The fixed-wing drones can efficiently and quickly transport large payloads over long distances 

(e.g. 10 kg payload for 50 km range in [15]), but they require special infrastructure to take-off 

and land such as long runways, inflatable mattresses to land [16] or catapults to take-off. Rotary 

drones have complementary features with respect to fixed-wing drones. They can take-off and 

land vertically and are very maneuverable at the expense of payload, efficiency and velocity. 
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Because of this, they are the ideal choice to deliver parcels precisely in cluttered environments 

within a small range (e.g. 1 kg payload for 20 km in [17]). A subset of rotorcrafts are multi-rotors, 

which are the most used solution by companies interested in transporting parcels to cities. Hybrid 

aircrafts combine the advantages of both fixed-wing and rotary platforms. On the other hand, they 

require complex design [11] and control algorithms; therefore, they are more expensive and prone 

to failure. This thesis will focus on multi-rotors as the best choice for cluttered environments.  

 

Figure 1.1 Rotary drones tested to deliver packages by logistic companies. (A-B) Amazon [17]. (C) DHL 

[20]. (D) Matternet [18], (E) ZipLine [16], (F) Google Project Wing [21], (G) FlyTrex [22] , (H) Domino’s 

Pizza [23], (I) RigiTech [24], (J) Delivery Canada Drones[25]. 
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 Safety 

Dangerous propellers - caged drones. The majority of commercially available flying platforms 

provide only limited protection. As illustrated in Fig. 1.2, the most popular approach is to add 

lightweight hulls or small plastic elements around the propellers [40-41]. This solution only pro-

tects the propellers from side collisions while it is ineffective in protecting the user from the spin-

ning propellers. 

 

Figure 1.2 Quadcopters with protection around propellers. (A) EPP hull around propellers of AR.Drone 2.0 

[26]. (B) Lightweight plastic propellers’ guards fixed to motors of Phantom 3 [27]. 

A safer approach is to enclose the entire drone in a cage. In fact, protective cages are well suited 

for avoiding harmful injuries to users and absorbing collisions from relatively low falls. An ex-

ample is given by the rotorcraft AirBurr [28], which is protected by tetrahedral structures distrib-

uted in multiple directions (Fig. 1.3A). Each structure is composed of pultruded carbon rods that 

act as Euler springs to absorb energy during collisions [28]. This solution allows the robot to 

survive falls from up to one meter high and collisions with obstacles during flight. HyTAQ [28] 

is equipped with a rotating cage that allows the robot to roll on the ground in order to save energy 

(Fig. 1.3B).  

None of these platforms are directly suited for cargo transportation due to the limited space inside 

the cage. The GimBall [30]  has a rigid spherical cage decoupled by a gimbal system from the 

inner frame, which consists of a control unit and a propulsion unit (Fig. 1.3C). In cases of colli-

sion, the cage rotates as a reaction to contact but the inner frame remains stable, thus preventing 

falls. The GimBall is suited for reconnaissance and inspection of cluttered environments, but its 

use in cargo delivery would not be possible because any additional payload could change the 

center of mass of the robot and affect its capability to exploit gyroscopic effects for stabilization. 

The successor of the GimBall drone, Elios 2 from the company Flyability has a surrounding pro-

tective cage also but rigidly fixed to the propulsion system. Complex algorithms and the ability 

to change rapidly the direction of rotation of the propellers enables stability on collision with 

obstacles. Unfortunately, added payload would change the position of the CG of the drone that 

would change the stabilizing capability of the algorithms. Another caged drone proposed by [31] 

shields each propeller individually. The cages around the propellers can rotate freely during con-

tact with obstacles. However, the overall added weight of the added mechanisms required to rotate 

each cage decreases the payload capacity for delivery. On the market, numerous platforms are 

available, equipped with different protective structures but these platforms are not optimized for 

cargo delivery and due to the fixed structure of the cage, it is difficult to load the payload.  
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Figure 1.3 Robots with different protective structures surrounding the platform on each side. (A) The Air-

Burr robot equipped with a protective star-shaped cage and active legs that allow turning the platform up-

right for take-off after a collision [28]. (B) HyTAQ robot with cylindrical cage with one degree of freedom, 

which rotates around itself to become upright. The small quadcopter can roll on the ground [29]. (C) Gim-

Ball robot with a spherical protective cage decoupled from the inner frame by a three degree of freedom 

gimbal system. This system stays in the air after collision [30]. (D) Elios 2 - successor of the GimBall drone 

[32]. (E) A drone with two passive rotating hemispherical shells for physical interaction in cluttered envi-

ronments [33]. (F) A drone with passive rotating shells on each rotor [31]. 

Partial malfunction of the propulsion system – control algorithms. For protection of the drone 

against high falls (e.g. more than 2 m), different protection mechanisms have been implemented. 

For example, helicopters use a safety procedure called ‘autorotation’ in case of malfunction of 

the engine [34]. In this procedure, the main rotor system is rotated by the action of air moving up 

through the rotor. In order to reduce the falling speed and safely land, the pitch angle of the rotor 

blades is steered by the control mechanism of the rotorcraft. This procedure requires an additional 

embedded system, which decouples the main rotor from the engine and allows the free rotation 

of the rotor. Furthermore, the main rotor has to be already rotating when the procedure starts. 

These additional requirements make this solution complex and hard to implement in other types 

of platforms. 

Another solution to protect the drone in cases of malfunction of the propulsion system at high 

altitudes was proposed by Mueller at al. [36]. They presented a solution for a quadcopter to main-

tain a constant altitude despite having lost a single, two opposing or three propellers. The control 

strategy consists of the quadcopter spinning about the axis fixed with respect to the vehicle’s 

body. Tilting this axis and changing thrust, the position of the robot can be controlled. However, 

this platform was not tested with cargo on board, which could modify the expected spinning be-

havior. 
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Full malfunction of the propulsion system – parachute. Both of the aforementioned solutions 

require a still-functioning control system for their operation. In cases of total failure of the system 

(control and propulsion unit), only an independent mechanism such as a parachute [37] can guar-

antee safety. Parachutes are cheap, lightweight, passive devices used to decrease the falling speed 

of different objects (from human bodies to packages). If used as a safety system in flying plat-

forms, the parachute would have the following drawbacks: it would need time to deploy and it 

could tangle around protruding elements (e.g. propellers).  

 Storage and transportation – foldable drones 

Foldable systems are load-bearing structures that can be reversibly folded in order to reduce their 

overall size or adapt their shape for different functions [38]. Size reduction has been exploited to 

facilitate transportation in multiple fields, for instance aerospace equipment [40], civil structures 

[41] and commercial products [42]. Shape adaptation has been used for the functionalization of 

roofs of domes and stadiums according to weather conditions [43]. 

Foldable structures can be classified based on their morphology [45]. This classification includes 

tensioned membranes [39][46] strut-cable systems [40][44][48], lattice [38] [42] [44] and contin-

uous structures [42] [49]. The tensioned membranes use fabric as the main body component. 

Thanks to the intrinsic fabric compliance and simple mechanical design, they can be easily 

stowed, but their potential application in aerial vehicles is not appropriate because these kinds of 

continuous membranes would affect the airflow. The strut-cable systems use a combination of 

struts and cables that makes them very lightweight. However, they are complex to manufacture 

and cables may tangle around the protruding elements of the aircraft (e.g. propellers). Folded plate 

structures, similar to tensioned membranes, are not suited because they too could affect the air-

flow from the propellers. From the air vehicle prospective, lattice structures are the most promis-

ing group. Their body is mainly composed of struts that would minimally affect the airflow from 

the propellers. Their main drawback would be the need of multiple joints that induce complexity 

and fragility. 

There are several foldable hovering platforms available on the market (Fig. 1.4) [27][51] . Most 

of them rely on a very basic design with foldable arms mounted on cylindrical hinges (i.e. lattice 

foldable structures, according to the above-mentioned classification) [29]. Mintchev et al. [52] 

(Fig. 1.4F-H) developed another example of a foldable flying robot. Each of these drones use 

different techniques to fold their arms. However, none of them is integrated with protective struc-

tures nor capable of withstanding collisions. 
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Figure 1.4 Multicopters with different possibilities to fold the arms of the platform. (A) Umbrella type of 

folding. (B, C, H) Arms folded to the side of the body [27] [51] [53] . (D, F) Arms folded on two sides of 

the body [53]. (E, G) Arms folded around the body [27][54]. 

 Software to control and navigate delivery drones 

Software used by drone delivery companies has been developed for operation by trained users. 

To the author’s knowledge, there is no commercially available software to control and navigate 

delivery drones available for easy use by inexperienced users and compatible with different plat-

forms. Commercially available drones are currently equipped with software that allows users to 

define waypoints that the drone follows to reach a destination point. This software is not meant 

for delivery between people or even fleets of drones.  

 

Figure 1.5 QGroundControl - ground stations to configure settings of drones.  
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Available open source software for controlling and navigating drones such as QGroundControl 

(Fig. 1.5) [55] or MissionPlanner (Fig. 1.6) [56], provide a large variety of options but with a 

steep learning curve for inexperienced users, preventing them from easily using them to send a 

drone to another person and the flight is defined only by the waypoints.  

 

Figure 1.6 Mission Planner - ground stations to configure settings of drones. 

1.3 Main Contributions and Thesis Organization 

The primary novelty of this thesis is to present a drone delivery platform that integrates all the 

proposed approaches to the current limitations into a single delivery solution, known as Dronis-

tics, that enables person-to-person, last-cm parcel delivery. The design process behind the sys-

tem’s hardware and software combines mechanical design, electronics, Internet of Things (IoT), 

control theory, aerodynamics and human-drone interactions. All the planned solutions were de-

veloped into real prototypes. The prototypes were then tested in many different demonstrations 

of autonomous flight in order to validate the specific operations of the system.  

The thesis is organized around the main challenges it addresses: transportation of parcels of var-

ious sizes, safety of people, drones and their transported items, storage and transportation of 

drones, ease of use of developed drones including convenient software for inexperienced users 

and system efficiency. 

Safety is one of the main challenges in this work. Consequently, several solutions addressing the 

safety of people, drones and transported parcels are presented throughout most of the chapters.  

Chapter 1 above presented the motivation of the thesis and the major challenges faced from the 

review of the literature. 

Chapter 2 presents a new counter-intuitive proposition to place the parcel for transport above the 

plane of the propellers. This original approach allows delivering parcels of various sizes, includ-

ing super-sized parcels that are bigger than the multicopter itself.  

Chapter 3 presents a new design of a multicopter, integrated into a foldable cage. The cage pro-

vides safety for people, the drone and the contained cargo. The foldable design allows reducing 
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the drone’s storage volume by 92%. This enables the folded drone to be stored easily in a drawer, 

on a shelf, in an office or even transported in a backpack to the deployment location.  

Chapter 4 presents the architecture and graphic user interface of the software designed to control 

and navigate autonomous delivery drones. The software was designed to provide a user-friendly 

interface for posting parcels from person-to-person using a delivery drone. The author also pre-

sents the corresponding flight tests, proof of concepts and future applications of the system. In 

addition, the chapter includes results of a human-drone interaction study and precision perfor-

mance of the platform’s flight, take-off and landing.  

Chapter 5 presents the innovative concept of a morphing drone with a very dense cage that pre-

vents even small children’s fingers from accessing the propellers. To recover the aerodynamic 

efficiency lost through using the dense cage, the arms of the drone can be deployed to extend out 

of the cage through doors located on the sides of the cage. This is carried out when the drone is 

in flight, well away from people. During take-off and landing, the propellers are then retracted 

into the cage and secured, which subsequently enables the vehicle to land in the recipient’s hands 

directly or in an environment that does not have to be a secured, designated landing zone. 

Finally, Chapter 6 concludes the thesis. The applications are discussed including the advantages 

of this work and future research directions.  

The appendices present additional calculations, ongoing improvement to the work presented in 

the chapters and work started during this thesis but not sufficiently final to be included in the main 

chapters.  

Appendix A presents improvement to the cage stiffness of PackDrone. 

Appendix B presents a new design to enhance the endurance or increase the payload of Pack-

Drone while keeping the overall small footprint of the cage. The problem of partial malfunction 

of the propulsion system was solved by integrating multiple motors, propellers and batteries into 

the cage. Moreover, the proposed configuration could not reduce the aerodynamic efficiency, 

which is ongoing work.  

Appendix C presents the evolution of the PackDrone platform throughout the Ph.D. It discusses 

goals and limitations of each version alongside the specifications.  

 

 





 

 

 Transportation  

of variable-size parcels 
 

HE conventional approach to parcel placement in most of today’s delivery drone designs 

is to place the parcel centrally beneath the drone’s rotor plane. However, if the parcel is 

too large, this will result in obstruction to the propeller slipstream, incurring significant 

drag. As such, the parcel's location below the rotor plane limits the size of parcels that can be 

delivered, specifically super-sized parcels that protrude beyond the bounds of the four rotors. 

Delivering large parcels therefore requires bigger drone platforms, which consequently consume 

more energy, necessitate large storage spaces and are less portable. In this work, we propose an 

alternative design strategy of placing the parcel above the rotor’s plane. However, placing a parcel 

above a quadcopter encounters two main challenges. The first is the optimal position of the CG 

to maintain stability of the drone. Second is the aerodynamic influence on the lift of the drone 

with a parcel above the propellers. To address these challenges, aerodynamic characterization 

experiments were performed and a new drone design proposed. This chapter presents a prototype 

quadcopter-design solution that places the parcel above the propellers to enable delivery of super-

sized parcels, as well as a compact rotor design configuration for lower storage cost and increased 

portability. The new approach of placing an over-sized parcel above the propellers provides an 

82% increase in thrust over putting the parcel below the propellers. 
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2.1 Introduction 

Drones are increasingly becoming a useful tool adopted by logistics companies as a delivery so-

lution that is economical, environmentally friendly and efficient [1]. Threats to urban sustainabil-

ity such as traffic congestion, living-space constraints and air pollution further propel the need to 

re-examine conventional dispatch services amidst the growing expectations of e-commerce pa-

trons [6]. Several notable logistics companies have already begun drone deliveries of commercial 

goods such as Amazon.com, Alibaba, Dominos and DHL. Most of these deliveries tend to employ 

bulky drone platforms designed for long-range dispatch and require designated take-off and land-

ing spaces. Additionally, the delivery drones used by logistics companies have limited capabilities 

to deliver parcels of different sizes. Specifically, they are unable to deliver super-sized parcels 

(parcels larger than the drone itself) due to parcel position beneath the propeller plane. Placing 

any object in the slipstream directly under the propellers of the drone generates significant drag 

that reduces the lifting capability of the drone. Thus, the standard practice of delivery drones is to 

place a parcel between and beneath the rotor plane to ensure the slipstream is unblocked. How-

ever, this approach limits the dimensions of parcels that can be delivered. To deliver larger par-

cels, logistics companies require larger vehicles, regardless of parcel weight, which is expensive 

and inefficient. Large drones incur a high operational cost as their airframes are heavier and gen-

erate more drag, which significantly reduces the drone’s endurance and payload capabilities. Ad-

ditional major drawbacks include occupying large storage spaces, reduced portability, reduced 

functionality in cluttered environments, and the need for designated take-off and landing spaces. 

A portable, small-sized drone capable of carrying packages larger than its propeller footprint 

would reduce the need for larger drones. 

 

Figure 2.1 Quadcopter with a small footprint to deliver parcels of varying sizes. The parcel, a Styrofoam 

block (100 x 50 x 5.5 cm), is placed 15 cm above the propeller plane and is secured to the platform using 

polyester belts.  

A possible approach to delivering super-sized parcels is to use drones with adaptive morphology 

[59]. The foldable scissor-like mechanisms presented in [60], which varies the size of the quad-

copter, could be used for accommodating different parcel sizes. However, using adaptive mor-

phology will still not completely remove the restriction on the maximum parcel size. Another 

approach is to suspend the parcel from the drone with a very long cable [62], which would not 

interfere with the propeller slipstream because the parcel is far from the downwash of the propel-

lers. However, this approach has two drawbacks: the first is that the cable may become entangled 

with obstacles, which would prevent the drone from operating in cluttered environments; the sec-

ond is that the swinging motion of the parcel induced by wind gusts or abrupt maneuvers could 

destabilize the vehicle and lead to energetically expensive flight adjustments or even a crash. 
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Furthermore, the complexity in the control algorithms to prevent cargo swinging [64] make cable-

suspended load delivery difficult. 

We present a novel approach to delivering super-sized parcels, where the parcel is positioned 

above and within proximity of the propellers (Fig. 2.1). The approach capitalizes on the different 

airflow dynamics below (Fig. 2.2A) and above (Fig. 2.2B) the propellers, which eliminates slip-

stream drag (Fig. 2.2A and 2.2B). However, placing a parcel above a quadcopter encounters two 

main challenges. The first is CG placement. The CG should be located as close as possible to the 

propeller plane to reduce control effort of the drone. This is true whether there is a parcel on-

board or not and regardless of parcel weight. The vehicle design needs to cover this wide range 

of mass distributions. The second challenge is to minimize the distance between the propeller 

plane and the parcel to minimize the aerodynamic influence of the parcel.  In this chapter, we 

developed and validated a quadcopter design that allows its CG to be located near its propellers 

and the parcel placed at an optimal position above the propellers, determined through physical 

experiments. In this approach, the propellers can be positioned closer to one another as they do 

not need to extend beyond the parcel edges (Fig. 2.2C). Having the propellers closer to one an-

other results in smaller sized quadcopters that are properly sized for the package weight resulting 

in better portability and storage. This new approach of re-positioning the parcel above the propel-

lers (Fig. 2.2B) eliminates the limitation on parcel size, while maintaining low storage require-

ments and high portability of the drone (Fig. 2.1). By placing the parcel above the propellers, a 

wider variety of parcel sizes can be delivered, increasing the vehicles utility [14]. The small drone 

size also allows delivery to cluttered and hard to reach areas that are not accessible for larger 

drones that carry parcels placed between the propellers. Finally, this approach contains all the 

vehicle structure in a small space, limiting the risk of entanglement and complex control algo-

rithms encountered by cable-suspended methods. 

 

Figure 2.2 Side views of quadcopters with parcels placed in different positions. The propeller slipstreams 

are depicted in grey (the unaffected slipstream) and red (the blocked propeller slipstream). (A) A super-

sized parcel placed below propellers creates slipstream drag, which limits lift and flight capability. (B) A 

parcel placed above, but close to the propellers does not reduce lift as much compared to the parcel placed 

beneath propellers. (C) A parcel placed between the propellers does not affect lift but restricts the size of a 

parcel.  
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2.2 Benefits of placing a parcel above the propellers  

Placing a parcel above a quadcopter allows using a drone with smaller footprint, which brings a 

number of advantages, described in this section.  

 Space saving 

A small sized quadcopter is desirable for easier storage, transportation and maneuvering in clut-

tered environments. The footprint size of any quadcopter is a function of propeller size. However, 

when placing a parcel between the propellers, footprint size is also a function of parcel size. The 

proposed approach of placing the parcel above the propellers decouples arm length from parcel 

size, which in turn enables significant reduction of the drone’s size by ensuring that footprint size 

is only limited by propeller size. This is because the propellers can be placed in closer proximity 

to one another to form a compact configuration. Propeller size is useful to compare the parcel 

placement approaches because the relations presented here are independent of payload mass.  

To study this space reduction, a simple geometric correlation between the propeller size (light 

blue circles in Fig. 2.3A) and the region enclosed by the four propellers is used (dark blue circle 

in Fig. 2.3A). The propeller disks are equally distributed around the exterior of the enclosed re-

gion. The diameter 𝑑 of this region is the same as the radius of the propeller disk, 𝑟. This config-

uration includes a small gap 𝑒 (12% of 𝑟) between the propellers tips to prevent contact between 

the propellers, representing a practical lower limit to vehicle size. A square (brown in Fig. 2.3A) 

inscribed in the reference circle represents the maximum size of a deliverable square parcel using 

the conventional approach of placing the parcel between the propellers. 

 

Figure 2.3 (A) The schematic representation of the geometric relationship between the radius of the pro-

peller disk 𝑟, diameter 𝑑 of the central free space (dark blue circle) between propellers and the space be-

tween propellers’ tips 𝑒. (B) A plot presenting the relationship between propeller diameter and the size of 

a parcel or quadcopters.  

Following these geometric relations, we first identify the largest sized parcel that can be delivered 

by a vehicle between its propellers (yellow line in Fig. 2.3B). For example, a quadcopter with 8-

inch (20.32 cm) propellers has a minimum footprint of 42 x 42 cm (intersection of blue and purple 
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lines in Fig. 2.3B). The maximum square-shaped parcel size that can be placed between the pro-

pellers measures only 7 x 7 cm (intersection of blue and yellow lines in Fig. 2.3B), regardless of 

parcel weight. By comparison, a parcel placed above the propeller plane has no restrictions on 

parcel size. Therefore, the propellers can be placed closer together, resulting in a smaller vehicle 

footprint (purple line in Fig. 2.3B) for a given propeller size. As a second example, take a parcel 

with a size of 42 x 42 cm (the threshold of super-sized parcels in the previous example) delivered 

by placing it between the propellers. The minimum required size of the quadcopter will be 76.5 x 

76.5 cm (intersection of blue and green lines in Fig. 2.3B). When compared to the minimum 

vehicle size for this propeller, there is a volume saving of 70% when placing the parcel above the 

propellers. 

 Weight and drag saving 

A rigid and stable positioning of the propulsion systems is required for efficient flight. Big parcels 

placed between the propellers requires big quadcopter airframes that increase vehicle mass and 

aerodynamic drag. Instead, when the parcel is located above the propellers, the smaller vehicle 

footprint has comparatively lower mass and drag. 

To compare the weight and drag between the two approaches, we adopted a simple drone design 

framework using tube structures that has been utilized by several drone manufacturers, such as 

DJI, Tarot and Yuneec for building lightweight drones.  

The tube structures used for the quadcopter’s arms are lengthened accordingly to accommodate 

the different parcel sizes. However, as the lengths of the arms are increased, the tube’s thickness 

and/or diameter has to be increased to maintain the rigidity of the drone’s arms. This leads to an 

increase in both mass and drag incurred by the airframe. 

The mass of the tube arm 𝑀𝑡𝑢𝑏𝑒 is computed as 

𝑀𝑡𝑢𝑏𝑒 = 𝑙 ∙ 𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 ∙ 𝐴𝑡𝑢𝑏𝑒     

Where 𝑙, is the length of the tube arm, 𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 is the density of the material used. The cross-

sectional area of the tube arm, 𝐴𝑡𝑢𝑏𝑒, is calculated as 

𝐴𝑡𝑢𝑏𝑒 =
𝜋∙(𝐷𝑡𝑢𝑏𝑒 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

2−𝑑𝑡𝑢𝑏𝑒 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
2)

4
    

Where 𝐷𝑡𝑢𝑏𝑒 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the external diameter of the tube, 𝑑𝑡𝑢𝑏𝑒 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 is the internal diameter 

of the tube. 

Using the cross-sectional area of the tube, the moment of inertia of the section of the tube 𝐼 is 

calculated as 

𝐼 =
𝐴𝑡𝑢𝑏𝑒

16
         (2.3) 

The deflection of the arm/tube can then be calculated as 

𝑦𝑎𝑟𝑚 =
𝐹𝑚𝑎𝑥.  𝑡ℎ𝑟𝑢𝑠𝑡∙𝑙3

3∙𝐸∙𝐼
         (2.4) 
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Where 𝐹𝑚𝑎𝑥.  𝑡ℎ𝑟𝑢𝑠𝑡 is the force applied (max thrust generated by the motor and propeller), and 𝐸 

is the Young’s modulus. By combining the above expressions, the external diameter of the 

tube/arm 𝐷 can be expressed as  

𝐷 = √
64∙𝐹𝑚𝑎𝑥.  𝑡ℎ𝑟𝑢𝑠𝑡∙𝑙3

3∙𝐸∙𝜋∙𝑦𝑎𝑟𝑚
+ 𝑑2        (2.5) 

By using this expression in equations (2.1) and (2.2), 𝑀𝑡𝑢𝑏𝑒 can be described as follows: 

𝑀𝑡𝑢𝑏𝑒 =
16∙𝐹𝑚𝑎𝑥.  𝑡ℎ𝑟𝑢𝑠𝑡∙𝑙4∙𝜌

3∙𝐸∙𝑦𝑎𝑟𝑚
       (2.6) 

Thus, 

𝑀𝑡𝑢𝑏𝑒 ∝ 𝑙4           (2.7) 

This indicates that scaling the arm length up sharply increases the weight of the vehicle. Con-

versely, a small reduction in arm length dramatically reduces the vehicle weight. A similar anal-

ysis can be done with the drag force incurred by the airframe, 

𝐹𝐷𝑓𝑟𝑎𝑚𝑒
=

1

2
∙ 𝜌𝑎𝑖𝑟 ∙ 𝐴𝑎𝑟𝑚 𝑓𝑜𝑛𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 ∙ 𝐶𝐷𝑡𝑢𝑏𝑒

∙ 𝑉𝑐𝑟𝑢𝑖𝑠𝑒 
2      (2.8) 

Where 𝜌𝑎𝑖𝑟 is the density of the air, 𝐶𝐷𝑡𝑢𝑏𝑒
 is the drag coefficient of a tube, and 𝑉𝑐𝑟𝑢𝑖𝑠𝑒  is the 

velocity of the drone in cruise flight. 𝐴𝑎𝑟𝑚 𝑓𝑜𝑛𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 is the frontal area of the tube used and can be 

defined as 

𝐴𝑎𝑟𝑚 𝑓𝑟𝑜𝑛𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 = 𝐷 ∙ 𝑙         (2.9) 

By combining equations (2.5), (2.8), and (2.9), the following expression is obtained 

𝐹𝐷𝑓𝑟𝑎𝑚𝑒
∝ 𝑙

5

2         (2.10) 

This shows a similar sharp increase in drag of the vehicle as a function of arm length, reinforcing 

the benefits of using a small vehicle, which can only be achieved by placing the parcel above the 

propellers.  

 Power savings 

For the drone that delivers parcels between its propellers, the drone can carry a maximum parcel 

size due to limited arm length. Using large drones designed for lifting large payloads results in 

higher operating costs when delivering small and/or lightweight parcels. 

To illustrate the difference in power consumption of a quadcopter with different payloads, equa-

tion (2.11) from [1] is used: 

𝐸𝑛𝑒𝑟𝑔𝑦(𝑘𝑊ℎ) =
𝑑𝑐𝑟𝑢𝑖𝑠𝑒

𝑉𝑐𝑟𝑢𝑖𝑠𝑒
∙ (

(𝑚𝑝+𝑚𝑣)∙𝑉𝑐𝑟𝑢𝑖𝑠𝑒 
3600

𝑔
 𝜂∙𝑟

+ 𝑝)     (2.11) 
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where 𝑑𝑐𝑟𝑢𝑖𝑠𝑒 is the distance flown, 𝑚𝑝 is the payload mass, 𝑚𝑣 is the vehicle mass, 𝑉𝑐𝑟𝑢𝑖𝑠𝑒 is the 

cruise speed, 𝑔 is the gravitational acceleration, 𝜂 is the motor/propeller power transfer efficiency, 

𝑟 is the lift/drag ratio, and 𝑝 is the power consumption of electronics. The first term in brackets is 

the kinetic energy of the vehicle adjusted for inefficiency. The power consumption of the elec-

tronics and the energy of the vehicle are multiplied by the mission time for comparing vehicles 

within a given mission.  

TABLE 2.1 VALUES USED FOR EQUATION (11). RESULTS OF CALCULATIONS ARE PRESENTED IN TABLE II.  

 

 

 TABLE 2.2 COMPARISON OF POWER CONSUMPTION OF QUADCOPTERS  
WITH DIFFERENT PAYLOADS AND MASSES FOR THE 2 KM FLIGHT DISTANCE 

 

An example is presented in Tables 2.1 and 2.2 based on quadcopters from [1][67]. A quadcopter 

weighing 8 kg that transports a 2 kg payload over a 2 km range consumes 0.041 kWh of energy 

(the quadcopter in [1]). Based on equation (2.11), the same quadcopter carrying a payload of 0.5 

kg consumes only 0.006 kW less energy. However, for the same 0.5 kg payload, a smaller quad-

copter (similar to the quadcopter in [67]) weighing 2 kg consumes only 0.008 kWh over the 2 km 

range, which translates to a 76.4% decrease in energy compared to the larger vehicle. These cal-

culations suggest that using a small drone to transport lightweight yet large parcels is more effi-

cient and economical than using larger sized and heavier drones.  

2.3 Degradation of lift force due to parcel placement 

In this section, discussion of the aerodynamic challenges associated with different parcel positions 

are presented. 

 Super-sized parcels positioned below propellers - standard approach 

Placing any object beneath a multicopter’s propellers imparts a slipstream drag force that reduces 

the lift force generated by the propulsion system (Fig. 2.2A). This drag force is a result of the 

momentum lost by the air encountering the object, for instance, a parcel. When the airflow pro-

duced by a propeller affects an object fixed to the same structure as the propulsion system, the 

slipstream drag force generated by the object opposes the thrust force, thus reducing the multi-

copter’s capability to fly (Fig. 2.4A). In this case, the lift can be calculated from:  

𝐿 = 𝑇 − 𝐹𝑆𝐷          (2.12) 

Where 𝐿 is the lift force, 𝑇 is the thrust generated by the propeller, and 𝐹𝑆𝐷 is the slipstream drag-

force acting on the parcel. The slipstream drag-force is dependent on the distance 𝑑 between 

propeller and the parcel and can be described as: 
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𝐹𝑆𝐷 = 𝑓(𝑑, 𝜌𝑎𝑖𝑟, 𝐴𝑆 , 𝐶𝑆𝐷, 𝑉𝑅𝑃𝑀)       (2.13) 

Where, 𝐴𝑆 is the cross-sectional area of the parcel within the propeller wash as shown in Fig. 4A, 

𝐶𝑆𝐷 is the slipstream drag coefficient of the parcel, and 𝑉𝑅𝑃𝑀 is the velocity of the airstream at 

the point of contact with the parcel as a function of rotation speed of propeller. 

 

Figure 2.4 Representation of the distribution of forces. (A) Parcel placed below the propeller produces the 

slipstream drag-force 𝐹𝑆𝐷 (red arrow) that opposes the thrust force 𝑇 (left green arrow). Thus, the lift 𝐿 

(right green arrow) is reduced. 𝐴𝑆 is the cross-sectional area of the parcel within the propeller wash, 𝑑 

between propeller and the parcel. (B) Parcel placed above the propeller does not generate as much drag, 

thus does not reduce lift. 

 

Figure 2.5 Screen shot from an experimental representation video of the flow distribution, adapted from 

[68].  

The slipstream drag-force is not dependent on the entire frontal area of the parcel, but rather the 

intersectional area of the flow below the propeller and the parcel (Fig. 2.4A). As presented in Fig. 

2.5 [69], the slipstream below the propeller is more defined, condensed and narrow than above 

the propeller. As a result, a parcel placed below the propeller is affected by the propeller slip-

stream only in the region where the slipstream meets the parcel’s surface. Because the slipstream 

is narrower here, the slipstream drag can be eliminated by placing the parcel between the propel-

lers, as shown in Fig. 2.2C. This is the typical approach to delivering parcels, however, with large 

parcels; this approach suffers from the aforementioned issues with large vehicles. 

 Super-sized parcels positioned above propellers - new approach 

The reduction in lifting capability of the drone can be significantly reduced without enlarging the 

vehicle, when the parcel is placed above the propellers. With the parcel placed above the propel-

lers, the slipstream is not blocked and therefore slipstream drag is eliminated. However, a chal-

lenge associated with this approach is that an object placed above, but in close proximity to the 

propellers will hinder airflow into the propellers. According to Froude’s momentum theory of 
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propulsion [70], the air passing through the rotor disc plane receives energy from the propeller, 

thus generating thrust. However, when there is insufficient airflow to the propeller, a lower 

amount of energy is transferred to the air, reducing the thrust produced. Instead of blocking the 

airflow below the propellers, placing the parcel above blocks airflow above the propellers (Fig. 

2. 4B). Mathematically, this is written by replacing slipstream drag in equation (2.12) with inflow 

blockage. To prevent inflow blockage, the parcel placed above the propellers has to be located at 

a distance that provides sufficient room for airflow to the propellers. Because the airflow above 

the propeller is wider than below, it is possible to place parcels mounted above the propellers 

closer to the propellers than if they were mounted below (Fig. 2.2B). Furthermore, because the 

airflow above the propeller is independent of flow direction, parcels placed above the propellers 

are not limited in size, unlike parcels placed between the propellers (Fig. 2.2C). The aerodynamic 

requirements of our approach are validated through physical experiments, comparing slipstream 

drag and inflow blockage effect, in Sections 2.5 and 2.6. 

2.4 Conflicting constraints of CG location and efficient aerody-

namics 

Multicopters are naturally unstable platforms, thus a quadcopter remains unstable regardless of 

the location of the center of gravity (CG). For instance, placing the CG below the propeller plane 

results in an unstable oscillation, while placing the CG above the propeller plane results in pure 

divergence, but divergence can be easily corrected by an autopilot [71]. Nevertheless, to reduce 

the quadcopter’s control effort, the CG of the entire platform should be as close to the propeller 

plane as possible [72]. Because of these two findings, some studies have indicated a preference 

for the CG location to lie slightly above the propeller plane, as concluded in [73]. This advantage 

in controlling a quadcopter with a CG location above the propellers is further supported in recent 

work [57] that stated that quadcopters under a proportional–integral–derivative (PID) controller 

are more stable when the load is placed directly on top of the airframe. Moreover, the PID con-

troller can handle CG offset from the yaw axis more easily when the CG is placed above the 

propeller plane. This is particularly important for parcel delivery, as the parcel CG may not be 

centered in the parcel.  

It is ideal to place the parcel as close as possible to the propeller plane to keep the CG as close as 

possible to the propeller plane. However, placing a parcel close to the propellers will block the 

airflow stream into the propellers, due to inflow blockage effect. Thus, to address the problem of 

competing constraints it is necessary to find the smallest distance between the parcel and the 

propellers that does not inhibit adequate airflow. This was studied experimentally in Section 2.5 

and 2.6. Additionally, distance of the CG from the propellers’ plane can vary significantly with 

and without a parcel. To keep the smallest distance between the CG and the propellers’ plane in 

both configurations, a quadcopter was designed (Section 2.6) to situate the propeller plane mid-

way between the two CG locations. 

2.5 Experimental validation – single propeller 

To demonstrate the aerodynamic effects of parcel position on the drone, a series of experiments 

were performed. These experiments were conducted to demonstrate that slipstream drag reduces 

lift more than inflow blockage does. During the experiments, lift, slipstream drag and electric 
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power consumption were measured at different distances 𝑑 between a parcel and a single propeller 

(Fig. 2.6A-C). 

 

Figure 2.6 (A-C) Schematic representation of the experimental set-up for lift and drag measurements with 

a single propeller. The blue arrows represent the direction of the airflow. (A) Plate placed below the pro-

peller. (B) Plate placed below the propeller. Different sizes of plates are fixed to the bottom sensor. (C) 

Plate placed above the propeller. (D-E) The schematic representation of the experimental set-up for lift and 

drag measurements with a quad configuration. (D) Quadcopter with a plate placed above the propellers. (E) 

Quadcopter with a plate placed below the propellers. (F) Photograph of the setup with a plate of size 60 x 

60 cm. (G) Photograph of the setup to measure the slipstream drag-force when the plate is placed below the 

propellers.  

Two configurations were considered, one with the parcel below the propeller (Fig. 2.6A) and 

another with the parcel above the propeller (Fig. 2.6C). Additionally, for each configuration, two 

other factors were considered: (i) dependency of lift on different rotation speeds, (ii) dependency 

of lift on different propeller diameters. The first experiment was conducted with an APC 8x4.5 

propeller and the second at a constant 9000RPM, which is 70% of the maximum rotation speed 

of the propeller-motor pair used in the first experiment. This value was chosen because multicop-

ters do not cruise at maximum throttle but rather at around 70% (9000 RPM for proposed setup) 

capability. 

To represent the parcel, a flat wooden MDF plate 60 x 60 x 0.5 cm was attached to a force sensor 

(marked as a green rectangle in Fig. 2.6A) via a vertical wooden structure connected to a hori-

zontal 10 mm carbon tube (both marked as black beams in Fig. 2.6A and 7C). The distance be-

tween the MDF plate and the propeller can be varied from 2 cm to 50 cm. A control case was also 
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run without the MDF plate. The motor is powered by a power supply (Keithley 2260B-30-72) 

which has a maximum output of 720 W. 

The measurements were conducted using the RC Benchmark 1580 Series dynamometer sensor 

(Fig. 2.6, marked as a green rectangle) [74] attached to a stand. The motor used for the tests was 

an AXI 2217-16 V2 (1380 KV) with a 40A ESC (Electronic Speed Controller). The voltage was 

set to 12.6 V, which is equivalent to a fully charged 3S battery. Each measurement was done ten 

times. 

 Parcel below the propeller 

When the parcel (MDF plate) was positioned directly below the propeller, the slipstream drag 

significantly reduced the lift as observed in Fig. 2.7-9. Regardless of rotation speed, shown in Fig. 

2.7, or propeller diameter, in Fig. 2.8, the observed effect of parcel placement on lift is the same. 

A plate situated as far as 50 cm beneath the propeller still diminishes the measured lift by 90% 

compared to when there is no plate at all (marked “w/o” – without, on the farthest right in both 

plots). This shows that there is no dependency on distance between the propeller and plate regard-

less of rotation speed or propeller size.  

 

Figure 2.7 Influence of the distance of a plate below the propeller on lift measurements. The plot presents 

lift measurements of APC MR8x4.5 propeller with a flat plate (the equivalent of a parcel) placed beneath 

the propellers for different rotation speeds. 

Experimental verification that slipstream drag is a function of the area of the parcel in contact 

with the propeller slipstream 𝐴𝑆 was also performed. Different sized square plates were attached 

to the RC Benchmark 1580 Series dynamometer sensor and were placed 10 cm below the propel-

ler (Figs. 2.6B and G). As expected, plates that are larger (30 cm and above) than the propeller 

disk have approximately the same drag measurements, regardless of how much larger they are 

(Fig. 2.9). This is because the cross-sectional area between the slipstream and parcel is constant 

between runs. When the plate is equivalent or smaller than the propeller disk, the measured drag 
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force is lower and varies with the size of the plate. These results confirm that the slipstream drag 

is indeed dependent on the area of the parcel in contact with the propeller slipstream. 

 

Figure 2.8 Influence of the distance of the plate below the propeller on lift measurements. Measurements 

are obtained at a constant speed of 9000 RPM. Propellers of various diameters but similar pitches were 

used.  

 

Figure 2.9 Drag measurements of different sized square plates placed 10 cm below a single propeller.  

 Parcel above the propeller 

Conducting the experiment with the parcel above the propellers illustrated that the inflow block-

age is most significant when the parcel is within 10 cm of the propeller (Fig. 2.10). Beyond 10 

cm, as the distance between the propeller and a parcel increases, the lift levels off and becomes 

constant, within 10% of its maximum value. Within the 10 cm distance, the most significant 
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measured impact on the lift is the plate placed 2 cm above the propeller. At 12000 RPM, the lift 

is affected by 57% while at 13200 RPM; the lift is affected by 66%.  

As with the previous experiment, the investigation of different sized propellers (Fig. 2.11) was 

conducted at 9000 RPM. The lift stabilized at 6 to 11 cm distance between the plate and the 

propellers for each of the propeller sizes. This matches well with the 10 cm threshold found when 

varying the RPM. Larger propellers have larger volumes of air inflow, therefore with larger inflow 

blockage; there is a larger decrease in lift. This is why the initial slopes are steeper for the larger 

propellers. In the experiments with the plate placed above the propeller (Figs. 2.10 and 2.11), the 

distance at which the lift begins to converge within 10% of its maximum value for a specific 

propeller is approximately equivalent to its radius, which is significantly less than 90% when a 

parcel is placed below the propeller.  

Throughout the experiments, the electrical power consumption was measured. Analyzed data sug-

gest that the electric power consumption remained constant as the plate was moved away from a 

propeller for parcel placements above and below the propeller. 

 

Figure 2.10 Influence of the distance of a plate above the propeller on lift measurements. The plot presents 

lift measurements of APC MR8x4.5 propeller with a flat plate (the equivalent of a parcel) placed above the 

propellers for different rotation speeds. 
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Figure 2.11 Influence of the distance of the plate above the propeller on lift measurements. Measurements 

are obtained at a constant speed of 9000 RPM. Propellers of various diameters but similar pitches were 

used. 

2.6 Experimental validation – delivery drone 

To validate the concept of delivering super-sized parcels, a 50 x 50 cm quadcopter that can carry 

0.75 kg worth of payload was designed and manufactured (Fig. 2.1 and 2.12).  

 Delivery drone description  

The proposed design ensures that the CG is positioned as close as possible to the propeller plane 

with or without the payload. For the configurations with and without the payload, the distance of 

the CG to the propeller plane should be similar. With the payload, the CG is designed to be above 

the propellers to ensure that the PID controller handles potential parcel CG offsets from the yaw 

axis efficiently. Without the payload, the CG will subsequently be located below the propellers. 

If the payload is lighter than a maximum 0.75 kg, the CG is located above but closer to the pro-

peller plane. 

To position the CG close to the propeller plane, batteries are located below the propeller plane 

while the parcel is placed above the propeller plane. More importantly, to achieve a similar dis-

tance between the CG and the propeller plane with and without a parcel, the quadcopter arms are 

inclined by 68 degrees to the yaw axis (Fig. 2.12). This shifts the propeller plane to the midway 

point between the extreme CG positions. In the proposed design, the parcel is positioned 15 cm 

above the propeller plane as this is above the distance that minimally affects the lifting capability 

of the propulsion system with a margin of safety. 
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Figure 2.12 Side views of the quadcopter. (A) The quadcopter without a parcel. Center of Gravity placed 

36 mm below the plane of the propellers along the yaw axis. (B) The drone with a parcel placed above the 

propellers. The Center of Gravity was placed 39 mm above the propeller plane along the yaw axis. 

The parcel is secured to the top of the drone by two polyester belts crossed perpendicular to each 

other (Fig. 2.1). The GPS module is connected to one of the belts and when strapped, is situated 

above the box. This is favorable as GPS readings can be affected by objects, such as parcels, made 

of or containing metal material (e.g. aluminum foil). The platform is equipped with four AXI 

2217-16 V2 (1380 KV) motors with APC8x4.5 propellers and 4in1 ESC. The flight controller 

used is PixHawk 4 Mini. The drone is equipped with two 3S Li-Po batteries, each 5000 mAh. 

 Influence of a parcel on a quadcopter propulsion system 

The influence of parcel size on the lifting capability of the quadcopter was investigated by attach-

ing different sizes of square plates to the quadcopter as shown in Fig. 2.6D-E. These plates range 

from 10 x 10 cm to 70 x 70 cm, attached at a 10 cm distance from the propellers, as concluded 

earlier that the distance between the parcel and the propeller should be equal to the radius of the 

propeller used. 

Two experiments were conducted, the first with the parcel placed above and the second with the 

parcel placed below the propellers. In both cases, ten measurements of lift affected by the plates 

were made for four rotation speeds. The lift reduction is presented in Fig. 2.13. It was calculated 

by subtracting the measured lift with a parcel from the measured lift without the parcel.  Thus, 

plots show directly the amount of lift reduction for each plate.  

The schematic representatoin of how the plate was attached below the quacopter is presented in 

Fig. 2.6E. The results of the experiment are presented in Fig. 2.13A and show that a plate bigger 

than the enclosed area between the propellers has significant influence on lift reduction. For in-

stance, plates of sizes 70 x 70 cm and 60 x 60 cm encountered up to 96% lift reduction for 10 000 

RPM which is the equivalent of 2.4 kg of lift. Also of note is that a higher inflow blockage was 

measured with a plate of same size as the quadcopter than a larger plate than the quadcopter. This 

is likely due to vortices at the edge of the plate. Further investigation should be conducted to 

understand this phenomenon.  
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In Fig. 2.13B, results of the lift reduction are presented for a parcel placed above the propeller 

plane. The lift reduction between different sized parcels is very small for small rotation speeds. 

When the speed increases, the lift reduction increases with increase in size of the propellers. The 

experiments with a small parcel (10 x 10 cm and 20 x 20 cm) below the propeller plane confirm 

that a smaller parcel size has smaller influence on the lift. This is not true of larger parcels that 

confirms that the arms of the multicopter have to be increased to secure unobstructed airflow. The 

earlier experiment on a single propeller spinning at 9000RPM showed that a 60 x 60 cm parcel 

placed 10 cm above produces only a 6% lift reduction (Fig. 2.7). However, when the same sized 

plate is placed 10 cm above the quadopter’s propellers, a maximum lift reduction due to inflow 

blockage of about 23.4% is measured (Fig. 2.13B). This is approximately four times the reduction 

with a single propeller, suggesting that inflow blockage is additive with the number of propellers. 

Repositioning the parcel to 15 cm above the quadcopter further decreases the lift reduction to 

14%. This is a remarkable improvement compared to the 96% lift reduction due to slipstream 

drag if the parcel is placed 15 cm below the quadcopter.  

 

Figure 2.13 (A) Lift measurements based on different sizes of square plates placed 10 cm above a quad-

copter. The size of the quadcopter is 50 x 50 cm. (B) Lift measurements based on different sizes of square 

plates placed 10 cm below a quadcopter. The size of the quadcopter is 50 x 50 cm. Colors of the squares 

correspond to the different sized plates. The total lift is 0.20 kg, 0.89 kg, 2.11 kg, and 2.66 kg for 3000RPM, 

6000RPM, 9000RPM, and 10000RPM respectively.  
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The phenomena shown in this experiment of positioning a flat object above or below propellers, 

differs from the ceiling effect or the ground effect described by [75] respectively. This is because 

unlike the ceiling and ground, the parcel is rigidly connected to the airframe making the slipstream 

drag-force produced by the parcel internal to the system and hence negatively affecting the lifting 

capability of the system. 

 Flight experiments  

Flight tests with the quadcopter in hover were performed to validate the approach of placing the 

parcel above the propeller plane while minimally affecting its lifting capabilities. A flat plate was 

attached above the propellers at a distance of 15 cm from the propeller plane. During the experi-

ment, the quadcopter employed 55% (550g payload) throttle with an ultrasound sensor to maintain 

an altitude of 1.5 m above the ground. The drone used a standard PX4 flight stack software for 

the X-shaped quadcopter, which is much simpler than the complex controllers used when deliv-

ering a parcel on a long tether. A pilot kept its position constant. The drone automatically landed 

after reaching 5% of its battery level. Time of hover was measured for the quadcopter with a 

super-sized foam plate and smaller box; both placed 15 cm above the propellers. The experiment 

showed a difference of 2 minutes in the hover flight time (12%) between flight with a super-sized 

parcel and a smaller parcel of the same weight, both placed above the quadcopter. The foam plate 

measured 100 x 50 x 5.5 cm and had a mass of 550 g. Its time of hover was 15 minutes 30 seconds. 

The smaller parcel measured 7 x 7 x 5 cm, also had a mass of 550 grams. Its time of hover was 

17 minutes 30 seconds. The experiment was repeated with the parcel placed below the propellers. 

The time of hover with the smaller parcel (550 g) attached between the propellers was 16 minutes 

10 seconds. The super-sized parcel attached 12.5 cm below the propeller plane generated exces-

sive drag, which counteracted all of the thrust generated. As such, the drone was not able to take-

off (see attached video). All flight tests were performed three times and the average time of hover 

was provided. We conclude that placing a big parcel above the propeller plane does not signifi-

cantly influence the drone’s endurance.  

2.7 Conclusions 

This chapter presented the novel concept of placing a parcel above the propeller plane of a quad-

copter. This approach allows the transportation of different sized parcels without limitation, un-

like when a parcel is beneath the frame of the quadcopter.  

Placing a parcel above the propellers enables a smaller footprint of the quadcopter, reducing the 

airframe’s size, weight and drag and enhancing its storage and transportation capabilities. More-

over, a smaller drone is more feasible for deliveries in cluttered environments. Simply relocating 

the package brings these benefits without the use of exotic designs or a complex controller: a 

simple PID can be used. 

We validated the proposed approach by developing and testing a quadcopter that allows the trans-

portation of different sized parcels, including super-sized parcels that are larger than the quad-

copter itself. Experiments revealed that placing a parcel above the quadcopter at a distance equiv-

alent to the radius of the operating propeller, reduces the drone’s lifting capability by 23%, com-

pared to 96% when the parcel is below the quadcopter. When the distance between the quadcopter 

and parcel placed above it is increased, the lift reduction can be further reduced.  
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The new approach of placing a parcel above the propeller plane should spur the development of 

new cargo-delivery drone designs, capitalizing on the compactness, efficiency and functionality 

of the strategic parcel placement. Future work will explore wind tunnel tests to study the influence 

of parcel sizes on drag and lift during cruise flight and the design of a compact protective cage 

around the propellers [77]. 

 





 

 

  

Safety, storage and transportation 
 

URRENT delivery multicopters can be dangerous for people, require a large amount of 

storage space and are difficult to transport. Safety issues arise because users are exposed 

to the unshielded spinning propellers. Transportation to the place of deployment and stor-

age is often complicated by the large size required for lifting heavy objects. This chapter addresses 

these limitations by proposing the integration of the quadcopter into a foldable protective cage. 

The cage provides an all-round protective structure that physically separates the propellers from 

the external environment, ensuring the safety of people and the quadcopter. The drone and the 

cage can be easily folded in a single movement, significantly reducing its size for easier storage 

and transportation. The parcel is located inside the cage, attached to the top joint above the plane 

of the propeller. Placing a parcel above the quadcopter maintains the small footprint of the drone, 

thus reducing the overall weight and drag of the drone as discussed in Chapter 2. Moreover, the 

drone was designed to place the Centre of Gravity (CG) close to the plane of the propellers. The 

design was validated on a quadcopter that can lift parcels up to 500 g and that has a reduced 

storage volume of 92% when folded. 
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IEEE International Conference on Intelligent Robots and Systems, 2017, vol. 2017–September, 

pp. 6855–6862.  

The work presented in this chapter was submitted for patenting and the patent has been granted 

in the US and Europe:  

[79] Patent. P. M. Kornatowski, S. Mintchev, and D. Floreano, “Foldable aircraft with protective 

cage for transportation and transportability” (US10252795, PCT/IB2017/052034).  

 



 

 

3.1 Introduction 

Drones are rapidly becoming a cost and time effective solution for delivering parcels to 

densely populated environments as well as to remote locations without suitable road networks 

[6]. Their capability to navigate above obstacles, along the shortest route is capturing attention 

from companies seeking affordable solutions for cargo transportation and delivery. Most cargo-

drone prototypes are multicopters [4][15][80] that leverage vertical take-off and landing capabil-

ities to deliver parcels precisely, even in cluttered environments. Furthermore, the growing pop-

ularity of drones for consumers could pave the way to new e-commerce models where drones 

could enable peer-to-peer transportation of goods. Both scenarios require hovering platforms that 

are intrinsically safe and easy to store and transport, requirements not yet fulfilled by the com-

mercially available platforms. 

 

Figure 3.1 A safe and foldable quadcopter for cargo delivery. (A) Deployed configuration with an enclosed 

first-aid kit held by a net. (B) Folded configuration with a volume reduction of 92%. 

Concerning safety, unshielded spinning propellers are a serious threat and can cause injuries or 

damage when interacting with people or obstacles. Commercially available delivery drones pro-

vide only limited protection. Lightweight hulls (such as the Parrot AR.Drone 2.0) or small plastic 

elements around the drone (such as the DJI Phantom 4) only protect the propellers from side 

contact with objects and are not very effective for users’ safety. A safer approach is to enclose the 

drone into all-round protective structures. For example, lightweight carbon fiber cages have been 

shown effective in avoiding injuries to users and averting drone damage on collisions [28] [81]. 

However, none of the platforms are directly suited for parcel transportation due to the limited 

space inside the cage. Moreover, the cages are cumbersome structures than cannot be folded for 

easy storage and transportation. 
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Concerning size, transportation of heavy payloads requires large aerial surface in order to generate 

sufficient lift. This means that the drone is much larger than the parcel and thus difficult to store, 

handle and possibly transport to the deployment location. This is even more problematic when 

the drone is equipped with all-round protective structures, which further increase its size [30][81]. 

A possible solution lies in foldable drones that are large enough to carry a useful payload when 

fully deployed, while being transportable folded and easy to store [54]. Although several com-

mercial foldable hovering platforms are available, such as, DJI Spreading Wings S1000plus, 

Simtoo Dragonfly, none of them is equipped with all-round protective structures. Indeed, accord-

ing to our knowledge there are no foldable drones equipped with integrated all-around protective 

structures that can be simultaneously folded with the drone.  

Here we describe a novel design that addresses both the safety and size issues and consists of a 

foldable protective cage integrated with a multicopter, as presented in Fig. 3.1. The cage encloses 

the entire multicopter including the parcel. During flight, the cage is closed to protect the users 

from the spinning propellers. A safety mechanism shuts down the propellers when the cage is 

open, reducing the risk of injuries while loading the cargo. The cage is inspired by origami that 

allows the drone to be manually folded with an intuitive operation in order to reduce its volume. 

With this new design, a recipient can catch easily and safely the approaching drone. During com-

mercial delivery, the all-round cage coupled with the propeller-disengagement system protects 

inexperienced users from harmful injuries while in close proximity to the drone or while loading 

it. The foldable structure allows users to easily carry the platform and deploy it within seconds 

when required. For example, the prototype in Fig. 3.1 fits into a backpack when folded. 

3.2 Concept of the safe foldable cage 

The cage functions as an all-round protective structure that separates the harmful propellers of the 

multicopter from the outside environment and people. We resort to an origami design to make the 

drone foldable with a simple arm movement. Origami structures have been shown to achieve high 

strength-to-weight ratios [82] and a significant size reduction by folding [84]. Among the possible 

origami designs [86] (Fig. 3.2A, 3.2B), the drone cage is inspired by the pattern used for foldable 

shelters [88] (Fig. 3.2C). This pattern can be adapted to obtain a foldable cage, similar to a Chinese 

lantern (Fig. 3.2A and B).  

Traditional origami structures [84] are composed of tiles joined by folds. For the cage, struts 

connected by flexible joints replace the tiles in order to obtain a spatial structure that does not 

obstruct the airflow generated by the enclosed propellers. The cage has a modular design com-

posed of repeated multiple foldable segments (Fig. 3.3A). Each segment is the result of a tessel-

lation of congruent isosceles triangles, where the edges are struts and the vertices are flexible 

joints. The spatial structure of the cage (Fig. 3.3D) is obtained by connecting the free ends of 

multiple segments forming the top and bottom joints. The cage may be folded by pushing apart 

the first and last segment from each other (Fig. 3.3F). All the segments fold rotating around the 

central axis of the cage, marked as a red dot-dashed line (Fig. 3.3F). In doing so, the top and 

bottom central joints get closer to each other, resulting in the final folded polygonal shape of the 

cage. 
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Figure 3.2 A paper origami lantern [86]. (A) the pattern of creases required to create the lantern structure; 

(B) the deployed structure; (C) the foldable origami-based shelter and the 3 stages of deployment [88]. 

The dimensions of the cage in the folded and deployed configurations can be described by a small 

number of parameters, as illustrated in the flat configuration of the segments (Figure 3A). L is the 

length of the longest edge of the triangles (struts marked in red color) and corresponds to radius 

R and height H of the internal empty space inside the cage (Fig. 3.3B). Thus, L is also the radius 

of the footprint of the multicopter.  is the apex angle of the triangles, influenced by the number 

of segments. The value of defines the distance h between the central top and bottom joints (Fig. 

3.3C). Together, R and H, define the internal volume of the cage available for the drone and the 

cargo. l is the length of the shorter arm of the triangle and its distance is a function of L and . In 

the deployed configuration the angle, , between R and H, is 90 degrees. 

The design of the cage presents four important features that make it suitable for cargo delivery. 

Firstly, the folding pattern allows the cage to be rigid in the deployed configuration, thus ensuring 

stability during flight. Other origami structures, such as the “magic ball” [89], can be squeezed in 

the deployed configuration. Secondly, the modular structure enables control of the spatial density 

of the cage. A dense cage with a high number of segments provides more safety at the expense of 

increased drag, smaller payload and consequently, shorter energetic autonomy of the drone. 

Thirdly, in the folded configuration the cage offers sufficient free space to encapsulate the com-

ponents of the multicopter and protect them during transportation.  

The cage integrates the multicopter and the cargo (Fig. 3.1). The cargo position was chosen above 

the multicopter to avoid obstructing the airflow generated by the propeller, which would result in 

reduced efficiency (Section 3.5). That is why the multicopter is integrated into the bottom part of 

the cage. The arms of the multicopter replace some struts of the cage, making the two structures 

seamlessly integrated.  This integration has two advantages: weight reduction as structural com-

ponents can be shared and simplified operation, as a single arm movement folds both the cage 

and the multicopter structure. 
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Figure 3.3 (A) Top view of the flat pattern of one basic segment of the cage before assembling. (B) The 

basic segment presented in the deployed configuration. (C) Shape of the folded basic segment. Colors rep-

resent mountain folds (black) and valley folds (red). (D) Example cage in the fully deployed state consisting 

of 16 basic segments. (E) Fully folded cage in an isometric view. (F) Folding process of the cage. For sake 

of clarity, every fourth segment is marked with a different color. 
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3.3 Implementation 

In order to validate the design presented in the previous section, we describe the manufacturing 

of a drone that can carry 0.5 kg parcels (the typical weight of a first-aid kit). Its total take-off 

weight (with the parcel) is equal to 1.5 kg. The drone has a size of 65 x 65 x 43 cm when deployed, 

and folds down to a size of 31 x 38 x 12 cm when stowed (Fig. 3.4).  

 

Figure 3.4 3D rendering of the prototype of the foldable flying cage with integrated quadcopter. (On the 

left) Deployed configuration of the robot with a container for cargo (a white-red box) attached to the top 

internal part of the cage. A parachute (red cone) is on the top and attached to the external part of the cage. 

(On the right) Side and top view of the stowed cage with detached cargo box and parachute. 

 Cage 

The cage is manufactured from carbon-fiber tubes connected by soft joints that are 3D 

printed using a flexible material (NinjaFlex® Flexible 3D Printing Filament). As the cage can be 

manufactured flat, the joints can also be made using an over-molding technique by locally inject-

ing soft polymers over the tubes. Compared to conventional foldable structures composed of rigid 

hinged joints, the flexible joints provide smooth folding without affecting the cage rigidity when 

deployed, which is ensured by the strength of the carbon-fiber tubes. According to the calculations 

presented in the section 3.4, a 0.5 kg parcel can be hung from the top joint of the cage and cause 

only minor deformations (Section 3.5) when 1.5 mm carbon tubes are used (wall thickness 0.5 

mm). The rigidity of the cage is mandatory to prevent undesired oscillations of the cargo during 

flight that could destabilize the drone. 

As mentioned earlier, the cage can be made of a variable number of segments. The prototype 

described here is composed of 16 segments, a number that provides enough protection for users 

(openings in the cage are smaller than a fist of an adult male), without significant loss of aerody-

namic thrust (Section 3.5). 

The central top and bottom joints of the cage are composed of a 3D printed flexible strip and 

multiple connections for the tubes. This part takes the shape of a hollowed cylinder when the cage 

is deployed (Fig. 3.5A) and is flattened when the cage is folded (Fig. 3.5D). This design prevents 

interference of tubes during folding and allows achieving a flat configuration of the edges of the 

cage when stowed (Fig. 3.5E). A locking mechanism that prevents opening of the cage during 
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flight is integrated at the top and bottom joints. This mechanism uses a screw system that is man-

ually operated by the user who tightens the joints before take-off. The cage is also equipped with 

a side locking mechanism that connects the vertical carbon tubes of the first and last segments of 

the cage. The side locking mechanism consists of two pairs of cylindrical magnets encapsulated 

into the flexible joints of the cage (Fig. 3.5C). To open the cage, these segments have to be pushed 

apart from each other (see opening process in Fig. 3.5F), thus unlocking the mechanism.  

 

Figure 3.5 (A) The top-locking mechanism. (B) The deployed drone. (C) The side-locking mechanism with 

the safety switch that disables the propulsion system when the cage is open. (D) A zoom-in of the bottom 

and top locking mechanisms in the folded state of the cage. (E) The folded state of the drone. 

 Multicopter integration 

Four of the bottom horizontal tubes are replaced by pultruded carbon fiber 6 mm square 

tubes that hold the motors of the multicopter. These stiffer tubes prevent undesired vibrations and 

oscillations of the motors that could lead to instability during flight and compromise reactivity 

and energetic efficiency. Additionally, the arms of the multicopter are merged with the bottom 

joint of the cage and secured before flight by the locking mechanism of the cage.  

The battery and the autopilot are housed in a frame directly connected to the bottom joint 

of the cage. The autopilot is the PixHawk board with PX4 software framework.  

In order to enhance further user safety, the drone is equipped with a mechanism that cuts 

the power to the propellers as soon as the cage is open for loading/unloading operations. The 

safety mechanism comprises two switches that are installed next to the side locking mechanism, 

between the segments of the cage (Fig. 3.5B-C). As soon as the cage is open, they automatically 

disengage the propulsion system. 
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 Cargo integration 

The cargo can be manually connected to the top joint of the cage with two alternative interfaces. 

The first interface is composed of a round-shaped lightweight net and ropes. The edges of the net 

are attached with ropes to the top central joint while the object is placed in the center of the net. 

This method is very versatile allowing objects of different shapes to be easily secured rigidly. 

Although, parcels are subjected to swing oscillations when they do not have a shape that allows 

them to lay close to the central top joint. The second type of interface – rigid boxes made out of 

card or thin plastic solves this problem. However, boxes are heavier than the net and many of 

them are required to deliver objects of different shapes and sizes (Fig. 3.6). These two interfaces 

are therefore complementary solutions that depend on the transported cargo. The position of Cen-

tre of Gravity with the 0.5 kg payload is presented in Fig. 3.7. 

 

Figure 3.6 Different types of cargo interfaces. (A) A net around a first aid-kit box attached by thin ropes to 

the top joint. (B) A fabric bag with an integrated interface that allows locking to the top joint. (C) A small 

carton with thick walls. (D) A big carton with thin walls. (E) A custom-made cylindrical box with thermal 

insulation for delivery of thermal-sensitive payloads. 

  

Figure 3.7 Position of the CG in PackDrone. CG is located 3 cm above plane of the propellers. The mass 

of the payload is 500 grams and the battery (6520mAh) 430 grams. 
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3.4 Scalability 

Here we describe a scalability model to calculate the size of the drone given the payload and the 

flight time. The model takes the desired flight time and cargo mass as input and generates as 

output, firstly the dimensions and mass of the multicopter and secondly the dimensions of the 

tubes and mass of the cage (Fig. 3.8). The model consists of three sub models: mass and power 

model of the quadcopter, geometrical model of the cage and rigidity model of the cage. 

  

Figure 3.8 The dimensioning and scalability model of the drone composed of a mass and power model, a 

geometrical and rigidity model of the cage. 

In the first step, a mass and power model described in [91] (see also Appendix) is used to compute 

the footprint of the drone for a given payload and time of flight. The resulting footprint is used to 

compute the length L of the tubes that correspond to the valley folds of the cage. In the second 

step, a geometrical model of the cage is used to compute the remaining parameters that define the 

cage geometry (𝛽 and 𝑙).  is the apex angle of the triangles and l is the length of the shorter arm 

of the triangle (Fig. 3.3). In the third step, a rigidity model computes the minimum radius of the 

tubes that prevents buckling of the cage under the cargo load, thus ensuring flight stability. The 

same model also computes the total mass of the cage considering the density of the material of 

the tubes. The resulting cage mass is fed back to the mass and power model where it is added to 

the total mass of the drone to compute a new and higher value for the footprint. The entire process 

is iterated until the difference between the L values of two consecutive iterations is less than 5%.  

 Mass and power model 

The first step to design the cage is to define the footprint of the multicopter for a given time of 

flight and mass of transported cargo. To do that and to discuss scalability of the cage, the mass 

and power model using propulsion-system momentum theory developed in [91] is used. It is 

transformed to calculate a propeller diameter of the multicopter:  

 𝐷 =
43.45 𝑡𝑓√𝑚𝑐

𝑅𝑏 𝑒𝑑 𝐹𝑀√𝛿 𝑛 𝜋 𝑅𝑐
        (3.1) 

where 𝑡𝑓 is the time of flight,  𝑚𝑐 is mass of the cargo, 𝑅𝑏 is the ratio between mass of the battery 

and a take-off weight, 𝑒𝑑 is energy density, FM is a figure of merit, 𝛿 is air density, n is number 

of propellers, 𝑅𝑐 is the ratio between the mass of the cargo and take-off weight.  

Given the radius of the propellers, the radius of the footprint of the quadcopter can be calculated 

from aerodyanmic considerations. As discussed in [92] the space around the propellers should be 

around √2 times the propeller’s radius in order to avoid vortex interferences between the 

propellers. Moreover, additional clearance (10% of the diameter) arround the perimeter of the 
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footprint of the multicopter was allowed to provide safety for human fingers during in-hand 

landing.Thus, the radius of the quadcopter is calculated:  

𝑅𝑞𝑢𝑎𝑑𝑐𝑜𝑝𝑡𝑒𝑟 =1.59 D         (3.2) 

The values of the mass ratios in [91] adopted for high-payload capabilities are as follows: 

𝑅𝑏=22%, 𝑅𝑐 = 50%, 𝑅𝑠=28% (ratio between the mass of the structure and the total take-off 

mass). We kept the ratio 𝑅𝑏=22% and changed the two other ratios, taking into account the addi-

tional mass of the cargo. The remaining value is divided equally, thus 𝑅𝑐 and 𝑅𝑠 are equal to 39%. 

After each iteration, the added mass of the cage to the total take-off mass changes ratios  𝑅𝑐 , and 

𝑅𝑠. Values of parameters assumed in the model: FM=0.333 (measured for the motor and propeller 

used in the prototype); the time of flight 𝑡𝑓 =10 minutes; the battery energy density 𝑒𝑑=162.5 

𝑊ℎ 𝑘𝑔⁄ ; the air density 𝛿=1.2 𝑘𝑔 𝑚3⁄ ; the number of propellers n=4.  

 Geometrical model of the cage 

After calculating the radius of the footprint of the multicopter, which is equal to dimension L of 

the cage, the number of segments is chosen and other dimensions of the cage can be calculated: 

the apex angle 𝛽, and the shorter arm of the triangle l.  

As stated before, the number of segments of the cage has to be divisible by the number of arms 

of the multicopter. A relation has to be respected in order to design the foldable cage because  

has to fit within a certain range. Details of these relations are presented below.  

In the folded state of the cage, the free space between the central top and bottom joints, the di-

mension h (Fig. 3.3C) is left on purpose as a place for components of the central part of the robot 

(autopilot, battery, etc.): 

ℎ = 𝐿(1 − 2 cos(2𝛽 − 180°))       (3.3) 

Equation 3.3 allows us to conclude that  has to be bigger than 120° to leave space for compo-

nents. As was presented in Section 3.3, the arms of the quadcopter are integrated directly into the 

structure of the cage. To facilitate this integration, the vertical and horizontal L tubes presented 

in Fig. 3.3B have to be perpendicular (=90°). To keep this position of tubes  cannot be greater 

than 135°.  

It is important to remember that  changes with the chosen number of segments of the cage and 

thus, h can be changed only by changing L for a given number of segments. Table 3.1 presents 

values of apex angles  for different numbers of segments. The values that are crossed out do not 

fit in the range discussed above.  

l is the length of the shorter arm of the triangle (rod marked with black color in Fig. 3.3A) and it 

is dependent on the chosen L and  angle: 

𝑙 =
𝐿

2 sin(
𝛽

2
)
         (3.4) 
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TABLE 3.1 EXAMPLE VALUES OF APEX ANGLES FOR DIFFERENT NUMBERS OF SEGMENTS. 

 

 Rigidity model of the cage 

To calculate the mass and volume of the cage, the radius of the tubes of the cage should be found. 

The goal is to find the lightest tubes that will not buckle under the load of the cargo, thus will 

keep the cargo in a stable position during the flight. To do this, we should find the outer radius of 

the tube knowing its material properties. We assumed constant wall thickness of the tube of 

0.5mm in the model (commercially available). The cargo attached to the top central joint of the 

cage is kept in position due to the rigidity of the tubes AC, marked in red in the single segment 

(Fig. 3.9). To emphasize the importance of this tube for the rigidity of the cage, we assume that 

this tube is removed. Thus, the pyramid EFDC at the top part of the cage would just freely rotate 

around the axis joining the points E and F. This means that the load from the cargo will be applied 

mainly to the tube AC. Finding the radius of the tube AC is therefore crucial to determine the 

rigidity of the cage with the cargo attached to the central top joint.  

 

Figure 3.9 The basic segment of the cage. A view with the distribution of forces on the plane H. The visible 

rods are in front of the plane. 

To simplify the design, the calculated radius r for the tube AC is also used for the other tubes in 

the cage. Knowing r, the mass and the volume of the cage in the folded state can be calculated. A 

tube under vertical load starts to buckle after reaching a certain force called Euler Buckling 

load, 𝐹𝑐𝑟.  
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To calculate this force for tubes pinned on both sides, standard beam theory is used [93]:  

𝐹𝑐𝑟 =
𝜋2𝐸(

𝜋(𝑅4−𝑟4

4
)

𝐿2         (3.5) 

Where 𝐸 is the Young’s modulus of the material, 
𝜋(𝑅4−𝑟4)

4
 is the tube’s area moment of inertia (R 

is outer radius, 𝑟 is inner radius), 𝐿 is the length of the tube. 

The critical force 𝐹𝑐𝑟 acting along the rod AC under the desired load of the cargo should be cal-

culated. To simplify calculations, the geometry of a single segment is presented in 2D (Fig. 3.9). 

To calculate 𝐹𝑐𝑟  a simple equilibrium of forces is used: 

𝐹𝑐𝑟 ∙ 𝐵𝐺 = 𝑃 ∙ 𝐵𝐷        (3.6) 

Where BG and BD are distances from forces 𝐹𝑐𝑟 and P to rotation point B. The assumption is that 

the point B is fixed.  

P is the force acting on the basic segment of the cage, coming from the weight of the cargo: 

𝑃 =
𝑠𝑓𝑚𝑐𝑔

𝑛𝑠
         (3.7) 

Where 𝑚𝑐 is the mass of the cargo, 𝑛𝑠, the number of segments, g, the gravitational acceleration. 

The rod starts to buckle just after exceeding the critical force. Therefore, to ensure rigidity of the 

cage during flight maneuvers with the required cargo on board, a safety factor 𝑠𝑓 is applied. 

Distances BG and BD are found from geometrical relationships in the basic segment of the cage 

(Fig. 3.9):  

𝐵𝐷 = 𝐿 cos(
𝜋

𝑛𝑠
)        (3.8) 

𝐵𝐺 = √(
𝐿

2 sin(
𝛽

2
)
)

2

− (𝐿 sin (
𝜋

𝑛𝑠
))

2
− (

𝐿

2
)

2
     (3.9) 

Now r can be computed by combining the above presented equations.  

Knowing r, the mass of the cage composed of tubes and joints is calculated from: 

 𝑀𝑛𝑠
= 𝑛𝑠 𝜚 𝜋 𝑟2 (10𝑙 + 5𝐿) + (5 𝑛𝑠 𝑚𝑗𝑜𝑖𝑛𝑡)     (3.10) 

Where 𝜚 is density of the material of the rod and 𝑚𝑗𝑜𝑖𝑛𝑡 is the mass of one joint. 
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Figure 3.10 The plots present different parameters of the drone as a function of the mass of the cargo. 

Parameters: (A) Radius of the footprint of the multicopter calculated from equation 3.2. (B) Volume reduc-

tion is the ratio between the volume of the deployed and folded drone. (C) The mass of the cage. (D) The 

ratio between the mass of the cage and the total mass of the drone. The dotted black lines show the trend 

lines, which are the curves of the best fit. 

The model (equation 3.2) predicts that the radius of the footprint of the multicopter grows more 

slowly than the mass of the cargo (Fig. 3.10A). For example, when the cargo’s mass increases 3 

times, the radius of the footprint of the multicopter increases less than 2 times. In parallel, the 

volume reduction of the folded multi-copter decreases with cargo mass (Fig. 3.10B). Both cases 

reveal that the drone can be scaled up well in terms of size.  

The mass of the cage grows linearly with the mass of the cargo (Fig. 3.10C). The model also 

predicts that the ratio between the mass of the cage to the total mass increases slowly and linearly 

with the cargo mass (Fig. 3.10D). The plots C and D are plotted by combining equations 3.4-3.7 

and 3.10.  

The same behavior as presented in Fig. 3.10D can be observed when the time of flight is changed 

for a given payload. The cage to total mass ratio increases with the time of flight because of the 

increased dimensions.  

These results reveal that the cage can be conveniently scaled up for larger payloads. 
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3.5 Experimental validation 

 Cargo integration 

The model predictions match the values measured on the prototype designed for 0.5 kg cargo and 

10 minutes of flight (Table 3.2). In a series of 15 flight tests (hovering on the spot) with 0.5 kg 

payload, we measured 10 minutes ±1% minute of hovering time, which is comparable to the 10 

minutes predicted by the model.  

A 10% difference can be explained by the drag induced by the cage on the airflow generated by 

the propellers (see next section), which is not considered in the model. Moreover, the test for 

distance coverage was performed. The drone flew a distance of 2 km with a 0.5 kg parcel. The 

distance coverage was tested outdoors with 10 degrees-inclination of the multicopter around the 

pitch axis in the forward flight.  

TABLE 3.2 MASS COMPARISON BETWEEN PREDICTED  
AND OBSERVED VALUES OF THE PROTOTYPE 

 

The largest difference between predicted and measured values (17.4%) concerns the mass of the 

multicopter (excluding the battery and the cage). However, this difference could be reduced using 

different materials or an alternative design for the central bottom locking mechanism, the battery 

holder or by using expensive materials, such as carbon fiber that is stronger and lighter. Never-

theless, the difference between the predicted and observed total mass is only 6.14%. 

In order to measure the stiffness of the cage under loading, the top central joint (the place of cargo 

attachment) has been incrementally loaded up to 1.4 kg while measuring its vertical displacement. 

The results indicate that the cage remains stiff up to 1.2 kg, but collapses for heavier loads (Fig. 

3.11). The vertical displacement is reversible and is due to the buckling of the vertical and oblique 

top tubes (see yellow dashed lines in Fig. 3.11B). These results indicate that the cage is suffi-

ciently rigid and thus stable in flight, for the desired cargo load of 0.5 kg. 
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Figure 3.11 (A) The plot presents experimentally measured displacement of the top central joint of the cage 

under different cargo loads (continuous blue line). The tubes of the cage start to buckle significantly under 

a load of 1.2 kg (dashed red line). Therefore, the cage can withstand the desired payload of 0.5 kg with a 

safety factor of 2.4. (B) The cage under a load above of 1.2 kg with displaced central top joint. The yellow 

dashed curves mark two representative buckled tubes. 

 Effect of the cage on drag 

Wind tunnel tests were performed to show how the cage and a parcel (size 28 cm x 28 cm x 6 cm) 

increase the drag of the drone. We tested the drone in four different configurations: (i) unladen 

drone without the cage, (ii) unladen drone with the cage, (iii) laden drone without the cage,  

(iv) laden drone with the cage. The propellers were removed for these tests. Additionally, we 

compared (Table 3.3) our results with existing values in the literature of similar sized drones 

tested by [81][94]. 

The wind tunnel used was an open loop, blower configuration wind tunnel. The drone was 

mounted on an arm with a load cell. The interface between the arm and the drone could be 

changed, allowing positioning of the drone at eight different pitch angles, from 0 to 40°. The 

rotation of the drone was changed by rotating the drone on its mount. The drone was half scale 

(diameter 33 cm and height 21cm) to fit into the wind tunnel with cross-sectional dimensions of 

44.5 x 30 cm. This created a 4.5 cm gap in the vertical direction and a 5.7 cm gap in the horizontal 

direction between the drone and the wall of the wind tunnel. Due to a high blockage ratio of 28.5% 

(defined as its frontal area divided by the total area of the wind tunnel), correction factors were 

applied for all measured results. The blockage correction follows the method outlined in [95] for 

bluff bodies.  

The drag coefficient is nondimensionalised using the motor-to-motor area of the drone as a refer-

ence. For a comparison to other results in the literature, the equivalent flat plate area (drag coef-

ficient times reference area of the airframe) is also provided. This is a value often used in rotary 

wing vehicle literature. 

The results show that the cage increases the drag four times compared to the same quadcopter 

without cage. However, comparing our caged drone to a DJI Phantom 3 or 3DR Solo (without 

protective mechanisms around propellers) the average drag coefficient is increased only by one 

and a half times. This is an acceptable value considering the advantage of the cage in terms of 

user safety.  
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TABLE 3.3 AVERAGE DRAG COEFFICIENT COMPARISON BETWEEN OUR CAGED DRONE AND OTHER DRONES OF SIMILAR SIZE.  

 

1 For the [81] drone, the motor-to-motor dimensions were estimated from the total diameter of the drone.  

The impact of the cage on the drag can be quantified by an averaged difference between the 

equivalent flat plate areas of the drone, with and without the cage, for both the laden and unladen 

cases. This is a value of 0.00215m2, being the average of the difference between the caged and 

uncaged drone with the package and the difference between the caged and uncaged drone without 

the package. Taking the average of the difference between the laden and unladen drone with the 

cage and the laden and unladen drone without the cage gives a value of 0.0325m2, which is the 

increase in flat plate area that results from the package. This indicates that the package has a larger 

effect than the cage. If a similar parcel were to be added to a DJI Phantom 3 or 3DR Solo (without 

protective mechanisms), they would have similar drag values to the laden drone with the cage.  

This allows us to conclude that while the cage has a measurable effect on the drag of the airframe, 

its impact on the overall aerodynamics is of a similar scale to the impact of a parcel. The overall 

drag of the airframe with a parcel and the cage is comparable to commercial systems carrying a 

similar parcel. 

 Effect of the cage on thrust 

The density of the cage structure can be modified to find an optimal trade-off between safety and 

flight efficiency. The prototype is composed of 16 vertical segments with an inter-tube distance 

of 7.5 cm. This value ensures that the fist of an adult male cannot be inserted horizontally into the 

cage. Moreover, the number of tubes placed below the propellers cause drag and turbulences that 

reduce the total thrust generated by the four propellers from 1.2 kg (without the cage) to 1.06 kg 

(with the cage). We find this thrust-loss acceptable considering the protection benefits. 
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 Folding procedure 

Before folding the drone, the top and bottom locking joints of the cage have to be unlocked (Fig. 

3.5C), which takes about 10 seconds. 

 

Figure 3.12 Multiple snapshots from a video captured by a GoPro HERO3 (120 fps) showing unlocking of 

the side locking mechanism and the last folding step of the drone. (A) The drone fully deployed. (B) The 

drone 25% folded. (C) The drone 50% folded. (D) The drone 75% folded. (E) The drone fully folded. 

Afterwards, the folding process is carried out as illustrated in Fig. 3.12 and shown in the attached 

video. First, the user has to unlock the side locking mechanism while opening the cage. Two 

adjacent segments of the cage have to be pushed away from each other to fold the cage and inte-

grated quadcopter. The folding procedure takes 1.2 s. The deployment process takes the same 

amount of time and requires the same steps but in reverse order.  

Table 3.4 presents a comparison of the dimensions of the drone in deployed and folded configu-

rations along with those of a deployed airframe of the foldable quadcopter without the cage. The 

values given in the table are the dimensions of a cuboid box containing the drone. The cuboid 

shape approximates the encumbrance of the drone during transportation or while stored on a shelf. 

Thus, the foldable drone can reduce its storage volume by 92%. The deployed quadcopter without 

the cage has only a 14% smaller volume than the folded configuration with the cage.  
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TABLE 3.4 SIZE COMPARISON BETWEEN FOLDED AND DEPLOYED DRONE WITH THE CAGE  
AND A NOT-FOLDABLE QUADCOPTER WITHOUT THE CAGE 

 

3.6 Conclusions 

We have developed a safe foldable drone for cargo transportation. The quadcopter is equipped 

with an all-around cage that protects people and the drone. The drone can be manually folded for 

easy storage and transportation. Moreover, in the folded state, the electromechanical components 

of the quadcopter are protected inside the structure of the folded cage. To ensure safety for people 

while removing a parcel from the cage, the drone is equipped with security switches that disen-

gage the propulsion system while the cage is open. The wind tunnel tests revealed that the overall 

drag of the airframe with a parcel and the cage is comparable to unshielded commercial drones 

carrying a similar parcel. Model-based predictions on the dimensions of the drone match the phys-

ical prototype and suggest that the proposed design could scale up to fly 2 kg cargos over 15 km, 

which would cover 86% of the deliveries made by Amazon.com, Inc. [19].  

Future work should investigate other shapes of the cage, adapted for special parcels, such as 

documents. Delivery of flat documents could allow us to reduce the height of the drone, thus the 

length of the vertical and oblique tubes in the cage. This could reduce the weight, drag of the cage 

and increase the time of flight. To protect the drone from damage caused by falls from high alti-

tudes, a parachute should be installed at the top central joint outside of the cage. In order to verify 

receipt of a package or allow drones to precisely land, additional sensors, such as cameras will be 

installed on the cage. To facilitate the usage of the drone for less experienced users, the unlocking 

mechanisms should be redesigned for easier access to the cargo placed inside the drone and for 

faster folding and deployment of the cage. Our approach with a foldable protective cage has the 

potential to increase cargo deliveries to people. Furthermore, we believe that our solution could 

revolutionize person-to-person transportation using drones.  
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The software to navigate drones,  

field deployments and user interaction 

 

RONES are rapidly becoming an affordable and often faster solution for parcel delivery 

than terrestrial vehicles. Existing transportation drones and software infrastructures are 

mainly designed by logistics companies for trained users for use in either long-range 

(<150km) or last-mile delivery (<20 km). This chapter discusses Dronistics, an integrated soft-

ware and hardware system for last-centimeter (<5 km) person-to-person delivery using cargo 

drones. The system was conceived to be intuitive and intrinsically safe to enable short distance 

deliveries between inexperienced users. Dronistics is composed of a safe foldable drone Pack-

Drone and a web application software SimplyFly to intuitively control and track the drone in real 

time. In order to assess Dronistics’ user acceptance, we conducted 150 deliveries over one month 

on the EPFL campus in Switzerland. Here we describe the results of these tests by analyzing flight 

statistics, environmental conditions and user reactions. Moreover, we also describe the technical 

problems that occurred during flight tests and solutions that could prevent them. At the end, we 

present additional use cases, demonstrations and future applications.  

  

D 
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The material presented in this chapter is adapted from: 

[96] P. M. Kornatowski, A. Bhaskaran, G. M. Heitz, S. Mintchev, and D. Floreano, “Last-Cen-

timeter Personal Drone Delivery: Field Deployment and User Interaction,” IEEE Robotics and 

Automation Letters, 2018. 

 



 

 

4.1 Introduction 

Recent years have witnessed an exponential rise in interest in delivery drones and mainly 

multicopters, due to their capability to effectively overcome obstacles or traffic jams, to rapidly 

reach remote locations and to take off and land in cluttered environments. Therefore, logistics 

companies have started to explore the possibility of using aerial delivery as a faster and more 

cost-effective alternative to terrestrial transportation [1][6]. Examples include Amazon.com’s 

tests of product deliveries to homes directly from warehouses in the United Kingdom [97], DHL’s 

mountain deliveries of emergency medical supplies using its Parcelcopter [98], Alphabet’s burrito 

deliveries to Australian homes with its Project Wing drones [99], Swiss Post’s experiments with 

transportation of lab samples between hospitals in Lugano, Switzerland [100] and Zipline’s 

transportation of blood from central storehouses to remote hospitals in Africa [101].  

All these aerial delivery services were developed for trained employees of logistics companies 

for business-to-business (B2B) or business-to-client (B2C) operations. Consequently, the soft-

ware framework used to control and navigate delivery drones is proprietary and not designed for 

inexperienced users. In addition, most of the drones are designed for long-distance delivery 

(around 150 km) or last-mile delivery (around 20km) [102]. Covering long distances requires 

bulky platforms that do not allow for personal delivery due to storage and transportation difficul-

ties. Furthermore, take-off and landing spots should be specially prepared and must be located at 

safe distances from users to prevent contact with dangerous unshielded propellers. Thus, these 

drones do not deliver directly to people’s hands in the way that mail carriers or courier services 

often do.  

 

Figure 4.1 Three phases of delivery on the EPFL campus (A) The PackDrone just before take-off at the 

sender location. The sender is operating the software from a tablet. (B) The drone is flying above the EPFL 

campus (C) The drone in the recipient location. The recipient is unloading a parcel.  

In this chapter, we present an integrated hardware and software solution for last-centimeter, short-

range delivery by which people can exchange goods safely through the air. Items arrive directly 

to the recipients’ hands without the need of intermediate logistics companies, dedicated infra-

structure or trained operators. This approach could be suitable for person-to-person exchanges 

within private grounds, such as large governmental or industrial campuses, construction sites, 

hospitals or harbors. Additionally, last-centimeter delivery may be suitable for dispatching parcels 

vertically, to the top of cranes and scaffoldings or to the bottom of deep opencast mines.  
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The proposed Dronistics system consists of a safe quadcopter called the PackDrone [78] and a 

customizable software framework called SimplyFly. The PackDrone has a foldable structure that 

shields the propellers to ensure people’s safety. Additionally, folding the origami-inspired struc-

ture significantly reduces its volume, allowing for easy storage and transportation in small con-

tainers. In parallel, the web-based software allows recipients and senders to intuitively control 

parcel exchanges and monitor flight trajectories in real-time while ensuring flight safety.  

The literature contains several studies of the societal impact of drones [103], drone use in the 

context of governance, ethics and privacy [104], growth of the drone market [105], possibilities 

of using drones in urban environments [106], drone efficiency [1], the economic benefits for last-

cm delivery with trucks [107] and the dangers of falling drones [108]. However, no field studies 

have yet investigated practical aspects of drone delivery such as the behavior of inexperienced 

users when operating delivery drones, the reliability of the hardware and software and the impact 

of weather conditions on day-to-day operations. 

The goal of this chapter is to present the results of the deployment of Dronistics on the campus of 

the École Polytechnique Fédérale de Lausanne (EPFL) in Switzerland, focusing on the aforemen-

tioned issues of inexperienced user behavior, hardware and software reliability and the effect of 

changing weather conditions on daily operations. We conducted 150 delivery flights between July 

and August 2017. This real-life field study was largely successful, but also highlighted critical 

issues in last cm-delivery that must be addressed in future developments. 

4.2 The safe foldable PackDrone used during field test 

During the field test on the EPFL campus the PackDrone v.1.1 (for more details check 

Appendix A) presented in Fig. 4.2 was used. The small goods-holding carton was tailored to the 

delivered items, e.g. PCB, 3D printed parts. The box can be opened on the side to remove the 

parcel (Fig. 4.5F) or can be entirely removed from the drone.  

 

Figure 4.2 The foldable PackDrone for last-cm delivery. (A) Deployed configuration with the enclosed 

carton containing a parcel. (B) Folded configuration with a volume reduction of 92%.  
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4.3 The Dronistics software 

The Dronistics software framework has three key features to ensure inexperienced users can use 

delivery drones intuitively. First, it makes the delivery process fully automatic, minimizing the 

number of operations that users must perform. Second, it is compatible with multiple operating 

systems and drones in order to facilitate portability and adoption. Third, it ensures safe commu-

nication and privacy of a user’s personal data. To achieve these key features, the Dronistics soft-

ware framework is based on a web application [109] and the overall architecture composed of 

three main parts, a front-end layer composed of the Sender and Recipient Applications; a back-

end layer composed of the Dronistics Server and a Drone layer composed of the drone software 

(Fig. 4.3). 

 

Figure 4.3 The architecture of the Dronistics software framework 

The front-end software is hosted on a mobile device, such as a smartphone, tablet or laptop. It has 

a simple graphic user interface for sending and receiving parcels with a small number of user 

commands. This interface also displays the position of the drone in real time. The software is 

compatible with different operating systems such as macOS, Android, Microsoft Windows and 

Linux. The back-end software is hosted on a secure server and is responsible for automating the 

whole delivery process. It computes the drone’s path, performs safety checks and handles real-

time communication between the user and the drone. Moreover, all the personal data of users are 

stored and processed on this secured server. The drone software is hosted on a companion com-

puter on-board the drone and creates a bridge between the drone’s autopilot and the Dronistics 

server through an internet connection. The companion computer is independent of the specific 

autopilot software and hardware, ensuring the broadest compatibility. Finally, a connection to the 

internet via the omnipresent GSM network enables control and real-time tracking of the drone 

over the whole flight path. The system is easily scalable to multiple drones flying simultaneously, 

given sufficient access to servers and communication bandwidth. The three software layers and 

their features are described in detail in the following sections. 

 Front-end Layer: Sender and Recipient applications 

The sender and recipient applications were developed using front-end tools (HTML, CSS, and 

JavaScript) with a responsive user interface in order to create an accessible and intuitive software 

with secure communication. This allows the applications to run in any browser on any portable 

device independently of its operating system. Users can access the corresponding application by 

navigating through the respective URLs on the Dronistics Website. Asynchronous JavaScript, 
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XML (AJAX) and is encrypted with SSL certification for enhanced security establishes all com-

munication between the front-end and back-end. 

The Sender Application is a web-application that displays all the information and functions in a 

single window. It is currently designed to allow parallel dispatching of multiple drones to multiple 

users. To access this application, the user has to register and/or login to the Dronistics system as 

a sender. The Sender Application is composed of four panels A, B, C, and D (Fig. 4.4). Panel A 

is a map (interfaced with Google Maps), that shows the real-time position of the drone(s), the 

location of the user(s) and the paths of active deliveries. Panel B shows the list of active deliveries 

and all drone control commands are issued from this panel only. This panel also shows the wind 

speed from various nearby weather stations. Panel C contains the list of drones owned by the 

sender. A sender can add drones to the application by specifying the drone ID. Each drone can be 

online or offline. Panel D contains the list of pending requests with the name of the user and the 

requested item. 

 

Figure 4.4 The interface of the sender web application with four panels, A to D. (A) A map with the real-

time position of drone(s), the location of users and the paths of active deliveries. (B) The list of active 

deliveries. (C) The list of drones owned by this specific sender. (D) The list of pending requests. The loca-

tion of the specific recipient is shown on the map as a pink user icon. 

The entire delivery process requires only three steps. In the first step, the sender registers and/or 

logs in to the system. In the second step, the sender receives a request for delivery and assigns a 

drone to the recipient. Once the assignment is done, the drone and recipient disappear from their 

respective locations in panel C and D and appear in the active delivery in panel B. For example, 

in Fig. 4.4B, the sender assigned Drone 2 to recipient Ania Tneduts for delivery of 3D-printed 

parts. The Active deliveries panel of the Sender Application also shows real-time telemetry data, 

such as battery status, altitude and delivery status. To ensure reliable delivery even in the event 

of communication disruption, the back-end server computes the entire flight plan and uploads it 
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to the drone before take-off. In the third and final step, the sender loads the requested goods into 

the drone and triggers the mission by clicking on the Take Off and Fly button. Additionally, the 

sender can issue other commands during the mission such as Go Back Home (drone returns to the 

sender’s location), Land (drone lands in its current position), Hover (drone holds its position in 

the air) and Emergency (drone disengages the propulsion system and deploys a parachute, if in-

stalled). 

The Recipient Application guides a user through the delivery process in three simple steps. The 

current design allows requesting one delivery at a time. The first step is to register on or login to 

the recipient web application (Fig. 4.5A). In the second step, the recipient selects the required 

delivery from the list of senders and deliveries and specifies delivery location using the map.  

After the recipient completes the second step, the sender receives the request and sends the drone 

with the specified item. The recipient is informed (Fig. 4.5C) and can monitor the drone in real-

time during the onward-flight (Fig. 4.5D and 4.5E). In the field tests reported below, the second 

step was further simplified by specifying a fixed delivery location due to security constraints 

(Section 2.4) and then, the application guided the recipient towards the delivery location (Fig. 

4.5B). The third step consists of retrieving the parcel and sending the drone back. This step is 

guided by a short photo tutorial displayed on the screen (Fig. 4.5F and 4.5G). On pressing the 

Send the drone back button, the web application reminds the recipient to ensure a safe space 

around the drone for take-off and triggers a countdown before the drone takes-off (4.5H and 4.5I). 

For the purpose of the delivery tests only, an additional anonymous survey form was displayed 

after the drone took-off in order to gather feedback from recipients. 

 Back-end Layer: the Dronistics server software 

The back-end layer plans the flight path as follows: no-fly zones determined from information on 

surrounding obstacles (e.g. buildings, trees, or mountains) and from live meteorological data gath-

ered from nearby wind stations are encircled on the map. The shortest path between the sender 

and recipient, flying tangentially around the edge of any no-fly circles lying on the trajectory is 

then calculated.  The back-end layer also acts as a middleware between the front-end layer and 

the drone layer. Hence, it not only provides real-time data of the drone to the front-end but also 

receives operational commands such as Take-off, Land, and Hover from the front-end and for-

wards them to the drone. 

Additionally, the back-end layer receives wind speed data from a wind station mounted on top of 

a building close to the recipient’s location and transfers it to the front-end for visualization. The 

back-end layer resides on a Java-based Apache Tomcat Server web-server. The relational data-

base (built using PostgreSQL) is an integral part of this layer and allows the storage of all infor-

mation regarding drones and deliveries. In addition to the web-server that acts as a communication 

entity of the front-end, the back-end layer runs a User Datagram Protocol (UDP) thread that al-

lows bidirectional communication between the web-server and the drones in real time. As this 

communication is encapsulated in an independent thread, multiple drones can communicate with 

the server in parallel, thereby providing scalability of the system for future applications. Addi-

tionally, the back-end layer runs on the server with a static IP address (with a public Domain 

Name Record), to enable back-end communication of front-end devices and drones over the in-

ternet.  
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 The Drone Software 

The drone software architecture, which reflects the hardware architecture, is composed of three 

elements: an autopilot, a companion computer and the 4G modem (Fig. 3). The companion com-

puter is designed to be compatible with different autopilots that use the common MAVLink pro-

tocol for communication [110]. It hosts the Dronistics software and acts as an interface between 

the autopilot and the Dronistics server.  

The autopilot controls the drone and executes the commands from the Dronistics server. Typical 

examples of these commands include: Landing, Take off and fly, Emergency, etc. In addition, the 

autopilot can communicate directly with the remote control of a safety pilot, who can override the 

Dronistics software at any time and manually control the drone. This feature is a legal require-

ment, which is useful in emergencies. The autopilot used for this field test is the PixHawk board 

with PX4 software framework. 

The Companion Computer is an on-board lightweight Linux computer that communicates be-

tween the autopilot and the Dronistics server. This computer may be used for other features that 

cannot be handled by the autopilot, such as sensor-based obstacle avoidance or audio and video 

communication. The companion computer used in the field test is a XU4 Odroid board. 

The 4G modem is a USB dongle for hybrid (3G and 4G) internet access of the companion com-

puter to enable bi-directional communication between the drone and the server. 
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Figure 4.5 Recipient web application with the stages of delivery shown on the screen. (A) The registration 

screen. (B) The dotted path guides the recipient (big blue dot) to the landing spot (pink icon). (C) The web 

app informs that a sender is loading a drone. (D) The web app shows that the drone is matched to a recipient 

and is ready to fly. The flight path appears. (E) The web app shows the real-time position of the drone. (F) 

After the drone has landed, the web app displays a short photo tutorial explaining how to open the cage and 

remove the requested item from the drone. (G) The web app shows when ready to send the drone back to 

the sender. (H) The web app informs on securing space around the drone for take-off. (I) Countdown is 

launched to inform the recipient when the drone takes off. (J) When the drone takes off, a survey appears 

on the screen for the recipient. The web app automatically logs the user out after answering all the questions. 
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Figure 4.6 The view of the SimplyFly sender application software on different devices.  

4.4 Field tests – delivery of 3D-printed parts and PCB on a uni-

versity campus 

The field test consisted of delivering various objects of up to 250 grams between EPFL campus 

employees and students. The tests were designed to comply with three regulations set by the Swiss 

Federal Office of Civil Aviation (FOCA) [111] and by the EPFL Security Office [112]. 

Firstly, drones must always be kept within a Visual Line of Sight (VLOS) and at least one operator 

must be able to intervene and land the drone in case of emergency. Secondly, the PackDrone must 

be operated at a distance of at least 100 meters from a crowd (defined as a gathering of 24 or more 

individuals) as its mass exceeds 500 grams when fully loaded. Thirdly, drone operators should 

have authorization from the nearby Lausanne Airport, as the EPFL campus is within 5 km of the 

airport grounds. The airport authorities can revoke authorization at any time in case of emergen-

cies to prevent interference with manned aircraft traffic. To comply with the rules, we conducted 

the autonomous drone delivery tests between two fixed points on the EPFL campus under the 

supervision of three people: a safety pilot and two observers, one at the sender’s location and one 

at the recipient’s location. The green line in Fig. 4 indicates the flight path. The first point (denoted 

by the drone in Fig. 4.4, panel A) is the sender’s location, near the EPFL campus workshops 

where 3D-printed parts and Printed Circuit Boards (PCB) are fabricated for all campus employees 

and students. The recipient’s point was located near a post office at the EPFL. The flight path 

between the sender and user locations used a longer trajectory planned to fly over less crowded 

areas to reduce the risk of accidents. To ensure visual contact with the drone during the entire 

flight, the pilot stood at the center of the flight path, which was limited to a distance of 300 meters. 

A failsafe function was included to make the drone land immediately in the event of malfunction 

of the pilot’s remote controller. We also limited the drone’s speed to 6 m/s to facilitate a potential 

manual takeover of its controls. Additionally, we set the flight altitude to 15 meters above the 

ground (5 meters above the tallest building on the flight path) to allow direct line of sight with the 

safety pilot on the ground and provide a significant distance between the drone and any manned 

air traffic from the nearby airport. At the sender location, a person loaded the cargo and attended 

to different safety procedures. The person could trigger safety procedures from the Sender appli-

cation, such as hover, land, return home or disengage the propulsion system in case of unexpected 

behavior. We recruited trained students to act as senders for conducting experiments to verify 

landing precision in the proximity of buildings, trees and a road for safety purposes. Thus, they 
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would be able to react quickly if the drone flew too close to obstacles or exhibited undesired 

behavior due to GPS signal reflections. As the method for loading and unloading the drone are 

very similar, the users’ behavior when operating the drone was analysed at the recipient location. 

Drone deliveries were carried out between 9 and 11 AM and 2 and 4 PM only to avoid flying over 

crowds gathering at breaks. The drone delivery service was announced to the EPFL community 

and a website was set up (dronistics.epfl.ch/EPFL). Interested users could register by logging their 

email and delivery time availability. When the requested item was ready, an email specifying the 

exact delivery time was automatically sent to the recipient. We gave the recipients the possibility 

to receive 3D-printed parts, printed circuit boards or a surprise package containing sweets. While 

the average weight of all the delivered items was 150g in experiments, the drone can carry up to 

500g of payload. All items were placed into a box (14 x 18 x 11cm) and covered with bubble 

wrap to prevent items shifting during flight. The participants were free to use their own internet-

connected device (smartphone, tablet or laptop). We recorded the behavior of the recipients on 

video for further analysis. We informed the recipients of this at registration and each person had 

to read and consent to the Terms and Conditions (Fig. 5A). The recorded videos were only used 

for internal data analysis. However, a reader could request any additional data recorded during 

the tests by emailing the authors. As the Recipient application provides all the necessary infor-

mation, recipients were not given additional help. Nevertheless, the person recording videos acted 

as the second observer, reporting on dangerous situations to the safety pilot or the first observer 

at the sender site by walkie-talkie.  

 Behaviour of the Recipients 

We expected that the recipients would follow the instructions provided in the recipient applica-

tion. To test this hypothesis, we filmed 141 recipients who consented to be recorded and measured 

the percentage of individuals following each instruction (Table 4.1). 

The analysis of the videos revealed that more than 98% of the participants followed four out of 

the seven instructions in the tutorial. However, only 74% of the participants monitored the flight 

of the drone in the web application, mainly because they were distracted - taking photographs, 

recording videos or staring at the drone in flight. 20% of the participants did not follow instruc-

tions displayed in the web application for removing items from the drone. Indeed, several users 

read the instructions in advance to keep both hands free to operate the drone. 48% did not know 

what to do with their portable device while operating the drone. 8.5% of the participants stopped 

using the web application and were unable to remove the package from the drone without help 

from the observer. Finally, only 6% of participants ensured a safe space around the drone before 

take-off. Moreover, we observed 44 non test-participants walking less than 3 meters away from 

the drone prior to take off. To achieve flawless unloading of the package and safe take offs, we 

propose to complement the current visual tutorial with voice instructions that users should find 

convenient to follow [113]. 
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TABLE 4.1 INSTRUCTIONS PROVIDED IN THE RECIPIENT APPLICATION  
AND THE PERCENTAGE OF PEOPLE WHO FOLLOWED THE INSTRUCTIONS 

 

During the tests, we also observed some unexpected behavior, which described in Table 4.2. 

TABLE 4.2 UNEXPECTED BEHAVIOR AND PERCENTAGE OF THE PARTICIPANTS WHO REPEATED THE SAME ACTIONS 

 

The video analysis revealed that 20% of the users lost time because they were not following the 

instructions correctly, while 7% spent time taking photos of the drone before removing the parcel. 

The variable ground time at the recipient location highlights the need for some form of audio 

support to speed up the drone unloading and return process.  

 Results of the survey 

To gather further feedback, recipients were asked to fill in an anonymous survey, which appeared 

on the portable device after pressing the take-off button. The survey was completed by 84% of 

the participants and contained nine closed and one open question (Fig. 4.6). 
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Figure 4.6 Survey questions and average numerical answers. Answers to Questions were graded on a five-

level scale, where value 1 means Hard/No and value 5 means Easy/Yes. Whiskers represent the standard 

deviation. Two questions are not presented on the plot: one asking for the participant’s age and an open 

question asking for “Additional comments” from the recipients. Answers to both questions are presented 

in the text below. 

The majority of participants (92%) were aged 20 to 40 years and the remaining 8% between 40 

and 60. The survey revealed a largely positive evaluation of Dronistics; the average answers to 

the questions were graded above four and half points on a five-point scale. Participants indicated 

that the procedure to order items and the recipient web application were easy to understand and 

use. They felt that handling the drone was not difficult and that the parcel was easy to retrieve. 

The majority of people felt safe next to the drone and would request drone delivery again.  

The open question (“Additional comments”) revealed the following comments and suggestions 

to improve the system:  

1. Messages on the laptop display were hard to see due to sunlight reflection. Use of a 

smartphone was recommended (1 recipient) 

2. The drone take off and turn during flight was too aggressive and scared participants. 

Use of a buzzer was proposed to signal the moment the drone takes off. Smoother 

change of direction during the flight should be implemented for less aggressive and 

frightening flight (3 recipients). 

3. During parcel removal, the cage tended to close. Thus, a system to keep the cage open 

while removing a parcel was recommended (1 person) 

4. It was hard to open the cage and hold the phone to watch the tutorial how to operate the 

drone (1 person). 

5. Older smartphones had a problem to display the web app interface properly (1 person) 
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6. The Wifi signal was very weak at the recipient location (1 person). Not every portable 

device has enabled internet connection. 

Furthermore, we received additional spoken comments from people who did not take part in the 

delivery tests. Three people from a nearby cafeteria and the library complained about the noise of 

the drone. The people from the cafeteria complained about the noise during take-off and landing. 

The students heard the noise through open roof vents in the library when the drone flew nearby.  

 Weather conditions 

Wind speed was monitored with an anemometer installed on a building next to the recipient lo-

cation. It was acquired at 1Hz between 9am and 4pm during the test period and over the following 

three months (Fig. 4.7). 

 

Figure 4.7 Wind speed average (black line) and standard deviation (grey area) measured for four months. 

The blue rectangle highlights the test period. The blue dashed lines show rainy days in the test period. The 

red dashed horizontal line shows the maximum value of the wind speed above which, flights were restricted. 

Over four months of wind measurements, 94% were flyable days. 

As explained in Section 2.4 the speed of the drone was limited to 6 m/s. Thus, we set the maximum 

wind speed to 5.5 m/s (20 km/h) for drone delivery to withstand headwinds. Over the field test 

period, the wind never exceeded the maximum allowable speed. In the additional three months’ 

monitoring period, we observed only two days when the average speed was above 20 km/h and 

five days when wind gusts exceeded this threshold. This accounts for 8% of the three-month 

period. Additionally, there were four days when we could not fly the drone due to heavy rainfall 

in the field test period.  

Despite these precautions, undetected wind gusts at the recipient location led the drone to crash 

into a tree near the sender location on two occasions. These two incidents highlight the need for 

additional wind sensors placed close to landing sites or additional control algorithms to improve 

stability in wind gusts. Of note, however, the cage successfully protected the drone and its cargo 

during collision.  
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 Flight data 

Delivery in cluttered environments such as cities or university campuses requires high precision 

for landing to prevent accidental landing on pedestrians, cars, buildings or trees. In these experi-

ments, the drone used GPS signals only to estimate its location. To determine the precision and 

accuracy of our drone, we measured the distance between the desired landing spot and the effec-

tive landing position at the sender and recipient locations. The recipient landing spot was located 

in an open area (maps in Fig. 4.4 and Fig. 4.5) more than 30 meters away from buildings. The 

sender landing spot was between two buildings, 8, 12 meters high respectively and 10 meters 

apart (maps in Fig. 4.4 and Fig. 4.5). Moreover, two trees with heights of 5 and 10 meters were 

located 10 meters away from the landing spot.  

 

Figure 4.8 The plot shows measured distances between the desired and the effective landing position at 

sender and recipient locations. The first box plot presents the average landing error at the recipient location. 

The second box plot the average landing error at the sender location, measured over the first 100 deliveries 

and the third box plot presents the average landing error for the last 50 deliveries. During the last 50 deliv-

eries, the coordinates of the landing position at the sender’s location were fixed. Dots above box plots are 

outliers; horizontal black line in the box is the median and the black cross the mean value.  

The drone had the coordinates of the recipient location, but used its own GPS estimates of sender 

coordinates at take-off for the return landing. The average landing error at the recipient location 

was 2 meters with a standard deviation of 2 meters (Fig. 4.8 – blue box plot). The average landing 

error measured at the sender location during the first 100 deliveries was 4 meters with a standard 

deviation of 5 meters (Fig. 4.8 – yellow box plot). We hypothesize that this higher error was 

caused by a poor estimation of the sender’s coordinates from the on-board GPS at take-off time 

due to signal reflections between nearby buildings and further increased by the estimation error 

during the return landing. We thus fixed the coordinates of the landing spot in the sender location 

for the last 50 flights, which reduced the average landing error to 2.2 meters with a standard 

deviation of 2.2 meters (Fig. 4.8 – green box plot). Overall, these results show that GPS guidance 

may not be sufficient for reliable last-cm, person-to-person delivery in dense environments. For 

this type of operation, drones should be equipped with additional solutions for precise vertical 

take-off and landing, such as IR beacons placed on the ground, RTK GPS or vision-based navi-

gation, which, unlike the first two solutions, requires no additional hardware on the ground.  
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We also analyzed the precision of the drone path. Here, we present flight path data from the last 

50 flights with the hardcoded coordinates of the sender location. As shown in Fig. 4.9, the average 

flight path (blue dashed line) follows the ideal path (dotted green line), except for the geographical 

location where the drone performed a sharp 90-degree turn. The data indicates that the drone 

systematically overshot and corrected its trajectory, suggesting that its speed should be reduced 

ahead of sharp turns or the control parameters of the waypoint navigation algorithm should be 

better adapted to sharp turns. 

 

Figure 4.9 The mean flight paths of the drone. (A) From sender location to turning point, (B) from turning 

point to recipient location, (C) from recipient location to turning point, (D) from turning point to sender 

location. Green dotted lines represent the desired path between waypoints. Blue dashed lines represent 

averaged values (n=50). Yellow lines represent the standard deviation (n=50).  

The standard deviation is a continuous yellow line and indicates small variations about the desired 

flight trajectory. Thus, we can conclude that GPS in flight is more accurate than for landing mode 

at both recipient and sender locations. Furthermore, we observed large deviations during take-off 

at the recipients’ location. This behavior was caused by a malfunction of one of the electronic 

speed controllers (ESC), starting one of the four motors a few milliseconds later and causing the 

drone to deviate from the planned path. The malfunction occurred randomly and we solved it by 

replacing the hardware component. 

During flight tests, we experienced two unexpected falls to the ground from 5 and 10 meters, 

respectively, after take-off, caused by disconnection of the battery power connectors. In both 

cases, the cage was fractured and the holder for the autopilot and companion computer were 

broken. Additionally, following the 10m fall, the 200g cargo damaged the box and fell out alt-

hough the box remained attached to the cage. These experiments indicate a need to use reliable 

connectors and components and to reinforce the inner box. 
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4.5 Field tests – delivery of medications to a remote location 

The goal of the second field test was to use the Dronistics system to investigate delivery of health 

care-related payloads such as medications, vaccines, blood and other samples to remote locations 

in rural environments. This investigation was conducted with a Non-Governmental Organization 

– WeRobotics that has representatives in 23 countries all over the world; representative units are 

called Flying Labs. The Dronistics system was tested with the FlyingLab from the Dominican 

Republic. The representatives of the Dominican FlyingLab had good relations with the local civil 

aviation authorities, which simplified the process of receiving authorization to fly in this region. 

The flight tests were performed in remote areas of the mountains of the Dominican Republic with 

the goal being to deliver health care-related items from local clinics, hospitals or pharmacies di-

rectly to health care workers who examine patients in the field. To understand further this use 

case, the flight ranges and challenges of the environment, we visited a few local clinics in the 

region to perform flight tests on site. The local exploration of the environment revealed that rural 

areas are no less challenging than urban locations. The high level of vegetation, inclined environ-

ments, small areas in front of houses requires high precision for take-off and landing. Due to this 

terrain, lack of and difficult roads, the health care workers cannot easily carry needed equipment 

and medications out into the field. They would like to be able to get only the items they need 

according to the requirements of the visiting patients at the examination clinic. Moreover, some 

medicines or samples require stable low-temperatures for storage and transportation and carrying 

bulky and heavy storage boxes for this is impractical. We selected one clinic in the most chal-

lenging mountainous environment, where after a rainfall, soil gathers on the only road making it 

slippery and hard to walk on, not mention driving a car or motorbike. Indeed, one of the main 

ways to transport items in these areas is local residents on motorbikes. However, lack of good 

roads reduces time of delivery and it becomes very dangerous after rainfall as mentioned. One of 

the patients visiting this local clinic is an elderly woman, who has heart and locomotion problems, 

requiring continuous administration of heart medication. During the rainy period, she has diffi-

culty reaching the clinic. All these problems show that use of small delivery drones for short 

ranges would increase and improve health care services in these remote rural areas. At first, we 

were concerned that the curious local residents, inexperienced with drone technology may be not 

interested or even be against drones. However, we managed to instruct rapidly local representa-

tives on how to operate the drone and unload the delivered parcels. Moreover, even small children 

were able to interact easily with the drone, as observed in Fig. 4.11. 
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Figure 4.10 (Top) The PackDrone flying over the mountains of the Dominican Republic. (Centre) Place of 

delivery marked with an orange circle. (Bottom) Logos of participants involved in the field tests in the 

Dominican Republic. 
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Figure 4.11 A PackDrone delivering medical supplies safely and directly examined by members of the 

Dominican Republic community. Top and bottom figures show that ease of use of the drone is simple 

enough for operation by those inexperienced with the technology, including children. 
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4.6 Field tests – delivery of temperature sensitive items in 

highly-populated environments 

The goal of the third field test was to validate using Dronistics for person-to-person drone delivery 

of commercial goods, such as ice cream, in a highly populated environment. To achieve this goal, 

we joined up with Unilever and their ice cream brand, Ben & Jerry’s. Unilever sponsored the ice 

cream, which was offered for free to test participants. To perform a high number of deliveries 

testing the system with many participants, the test was conducted during the Drone Days and 

Open Days of the EPFL in September 2019. Over the two days, we managed to perform 180 

successful flights, delivering 180 ice creams to delighted ice cream lovers.  

For the test of the highest number of ice cream delivery flights in two days, the flight path was 

reduced to 50 meters. To secure by-standers and random passers-by, the ground area below the 

flight path and landing spot was fenced off. The take-off spot was from the roof of the closest 

building to the landing spot.  

According to Swiss law, autonomous flights of drones have to be performed at least 100 meters 

away from gatherings of more than 24 people and the safety pilot has to have the drone within the 

Visual Line of Sight (VLOS). In this case, to be able to fly during a public event with people 

closer than 100 meters, a special authorization from the Federal Office of Civil Aviation (FOCA) 

was needed. To get the authorization, a document known as the Specific Operations Risk Assess-

ment (SORA) [114] had to be filled in and submitted to the FOCA for approval. The form de-

scribes and self-evaluates possible risks of collision of the drone in the air or with the ground. It 

contains a detailed description of, the area around the flight path, all software and hardware spec-

ifications used for operation, weather restrictions, procedure of all operations and the experience 

of each member of the team concerning how they were trained for the operation. One of the re-

quirements of SORA was to provide calculations assessing possible effects of a ground impact. 

Calculations presented in Appendix A were used for this part of the authorization document.  

For this field test, a new Graphic User Interface for the recipient WebApplication was designed 

to allow recipients to choose from a series of flavors of Ben & Jerry’s ice cream (Fig. 4.2). This 

information was then sent to the senders WebApplication.  

Additionally, to transport the temperature-sensitive payload required design and manufacture of 

a new box with thermal isolation (Fig. 4.x). The box had the shape of a cylinder instead of a cube 

to reduce drag effect during the flight. The top and bottom part of the box was made of 3D-printed 

parts. The wall of the cylinder was a 0.3 mm thick glass-fiber sheet, painted white. The tempera-

ture-isolating material was 5mm-thick PPT foam.  

The test delivering ice cream was an excellent experience in learning how to deliver a tempera-

ture-sensitive payload. This will allow us to improve the system and the payload container for the 

delivery of more valuable items such as medicines, vaccines, blood and tissue samples that require 

also special temperature conditions. Moreover, preparing the SORA document taught us the spe-

cial safety precautions and features that have to be performed for flights in populated environ-

ments delivering directly to inexperienced users. In the end, obtaining the authorization to fly 

autonomously and close to people showed our system was advanced enough to gain approval 

from FOCA.  
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During all field tests, we learned that high-temperature might not only be a problem for the de-

livered payload. In initial flight tests, a tablet used to operate the users Web Applications was 

exposed to sunlight for a few minutes (ambient temperature ~30°𝐶) that resulted in shutting down 

all applications due to overheating. For the final flight, the tablet was used inside a tent, which 

solved the problem of overheating.  

On fixed flight paths, it is very important to examine carefully the spots for take-off and landing. 

In initial flight tests, we observed strange behavior of the drone at take-off until the drone reached 

an altitude of 3 meters above the roof. The drone selected a different direction of flight than pro-

grammed. This behavior was due to affected magnetometer readings. In the building at the take-

off point, one of the laboratories was using a machine that generates strong electro-magnetic 

fields. The problem was solved by moving the take-off spot further away.  
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Figure 4.12 PackDrone delivering Ben & Jerry’s ice creams on the EPFL campus. (Top) Recipient Web 

Application. (Below) Different phases of delivery.  
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4.7 Demos during public events  

During last four years, I presented the PackDrone and SimplyFly systems at different events. 

These demos and discussions allowed improving the systems from received feedback of future 

users.  

2016: 

 Demonstration at Epeisse for Search and Rescue teams (DEZA), April 2016  

 Demonstration at EPFL for opening of MED building, May 2016 

 Demonstration at EPFL for Swiss SRF TV – programme Einstein, July 2016 

 Demonstration in Neuchatel - MicroCity open day, September 2016 

 Demonstration at EPFL for Cybathlon with live on TV, October 2016 

 Demonstration at NCCR Industry Day (designed and build a bigger version of the 

foldable cage drone), November 2016 

 Presentation for delegation of Polish start-ups accompanied with delegation of Polish 

president, November 2016 

 Other small demos at the lab for visiting guests 

2017: 

 Presentation at EPFL for Fischer Connectors, January 2017   

 Demonstration at EPFL for Swiss Post, January 2017 (built improved version of the 

foldable cage drone) 

 Presentation for Polish journalists, March 2017 

 Demonstration at Epeisse for Search and Rescue teams (DEZA), May 2017 

 Flight tests – drone delivery of PCB and 3D printed parts on the EPFL campus, August 

2017  

 Demonstration during exhibition „Drone Days”, EPFL, Lausanne, Switzerland, 

September 1-3, 2017 

 Demonstration and interview at EPFL for Reuters – winter semester 2017 

 Demonstration and interview at EPFL for Swiss SRF TV – winter semester 2017 

 Demonstration and interview at EPFL for RTSun – winter semester 2017 

 Demonstration at “NCCR Industry Day”, November 2017 

 Demonstration during the exhibition “Digital Days”, Geneva, Switzerland, November 21, 

2017  

 Other small demos at the lab for visiting guests 

 

2018: 

 Presentation: “Last-centimetre drone delivery” during The European Robotics Forum 

2018, Tampere, Finland, March 13-15, 2018 

 Demonstration during ”Salon International des Inventions de Genève”, Palexpo, Geneva, 

Switzerland, April 11-15, 2018 

 Demonstration - The World Economic Forum in Zurich, Switzerland, 26.07.2018 

 Demonstration - SIR SA, 19.07.2018, Lausanne Switzerland 

 Demonstration - Chamber of commerce - General Assembly, Fribourg, Switzerland, 

03.09.2018 

 Demonstration - Intel workshop in Munich, Germany, 4-5.09.2018 
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 Demonstration and presentation during meetup SwissAI, 15.10.2018 

 

2019: 

 Demonstration (drone show), Las Vegas, CES 3-7.01.2019 

 Demonstration and presentation during workshop at European Robotics Forum -"Aerial 

Robotics Technologies & Applications with the new European UAS regulation" 

Bucharest, Romania, 21-22.03.2019 

 Demonstration - Hannover Messe, Hannover, Germany, 1-5.04.2019 

 Tests of the technology in the Dominican Republic, 23-29.05.2019 

 Demonstration - Unilever, Lausanne, Switzerland, 14.06.2019 

 Demonstration, TUV, Lausanne, Switzerland, 14.06.2019 

 Demonstration, Canso event, Geneva, 18.06.2019 

 Demonstration Drone/Open Days of EPFL, 14-15 September 2019 

 Demonstration and presentation for AssaAbbloy, Lausanne, October 2019 

 Other small demos in the lab for visiting guests 
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4.8 Conclusions 

This chapter presents an integrated software and hardware system for last-centimeter drone de-

livery between people and for business-to-customer services. The results of the flight tests indi-

cate the service’s feasibility and its positive acceptance, at least among members of a technical 

research institution. The behavioral analysis of the user interaction, the analysis of the flight data 

and the few technical problems, point to areas for improvement presented below that could be 

useful for future improvements and other drone delivery services. 

Future work will focus on enhancing user interaction and drone guidance. For instance, we are 

incorporating a small speaker for voice instructions as a complement to the photo tutorial. These 

will help recipients to operate the drone when bright sunlight makes it hard to see the screen and 

will free both hands for retrieving the package. A loud buzzer should be installed to signal the 

landing and taking-off of the drone. Once autonomous flight Beyond Visual Line of Sight 

(BVLOS) authorization is received [111][114], the flight altitude could be increased to reduce the 

noise perceived from the ground. Additionally, other techniques for noise reduction should be 

studied and implemented to improve user acceptance. 

Furthermore, the guidance, control and navigation algorithms should be adjusted to achieve 

smoother flight during take-off and sharp turns. Additional guidance systems must also be 

considered for take-off and landing between tall structures. Multiple weather stations will be re-

quired to estimate more precisely local wind conditions between buildings where strong air tun-

nels can form and disturb the flight and additional research in wind-resilient control algorithms is 

warranted. Further tests of the sender’s behavior could be conducted to verify the ease of deploy-

ing the cage. 

Despite current autonomous BVLOS flight restrictions in public areas [111], it is easier to receive 

authorization for such flights in private and restricted areas such as campuses of universities or 

large companies. This study has been the first application of our last-centimeter aerial delivery 

service. Future implementations of the system may enable new delivery services between small 

businesses and customers (B2C) and directly between customers. Moreover, aerial deliveries over 

the short range could also cut emissions [115]. Finally, last-centimeter delivery may become an 

integral part of the “sharing economy” [116] where individuals borrow or rent assets owned by 

someone else. 

 



 

 

  

A morphing body as a solution  

for increased safety and efficiency 
 

ELIVERY drones used by logistics companies today are equipped with unshielded pro-

pellers, which represent a major hurdle for in-hand parcel delivery. The exposed propeller 

blades are hazardous to unsuspecting bystanders, pets and untrained users. One solution 

to provide safety is to enclose the drone with an all-encompassing protective cage. However, the 

structures of existing cage designs have low density in order to minimize obstruction of propeller 

airflow, to avoid decreasing efficiency. The relatively large openings in the cage do not protect 

hands and fingers from fast rotating propellers.  

This chapter presents a novel approach to safety and aerodynamic efficiency by means of a high-

density cage and morphing arms loosely inspired from a box turtle. The drone cage is made of a 

dense and lightweight grid. When flying close to humans, the arms and propellers are retracted 

and fully sealed within the cage, making the drone safe and reducing the total footprint. When 

flying at cruising altitudes far from people and objects, the arms and propellers extend out of the 

protective grid, increasing aerodynamic efficiency by more than 20%. 
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The material presented in this chapter is adapted from: 

[117] P. M. Kornatowski, M. Feroskhan, W. J. Stewart, and D. Floreano, “A morphing cargo 

drone for safe flight in proximity of humans,” will be submitted to Robotics and Automation 

Letters, (2020). 

The work presented in this chapter was submitted for patenting: 

[118] P. M. Kornatowski, and D. Floreano. “A morphing cargo drone for safe flight in proximity 

of humans,” patent pending, 2019. 

 

 



 

 

5.1 Introduction 

Drones are becoming an increasingly useful tool to deliver parcels faster [6], greener [115] and 

cheaper [1] to previously inaccessible places. As a result, several logistics companies [97] are 

considering using drones for e-commerce markets. However, most of these deliveries tend to em-

ploy bulky drone platforms designed for stable, long-range dispatch and require designated take-

off and landing spaces. Additionally, user access to these spaces are restricted during operation 

to avoid harm posed to bystanders due to exposed propellers. Moreover, delivery to places where 

there is no space to land, e.g. a window or balcony, delivery to people stuck in a traffic jam or 

inclined environments is impossible for drones. Together, these three challenges remove the pos-

sibility of person-to-person and last-centimeter deliveries where packages can be safely delivered 

directly to the recipient’s hands or hard-to-reach, cluttered locations. 

In the context of ensuring safe handling for last-centimeter delivery, one approach is to encase 

the propellers in a protective cage [28]. A highly dense cage structure enhances safety [121] by 

preventing users from accessing the propellers. However, high-density cages incur a high drag 

penalty [81] and decrease available lift [78]. The alternative, a low-density cage structure would 

allow small external objects, such as fingers or hands, access to propellers, which could be dan-

gerous for people and animals. Additionally, to reduce the added weight of the cage, the vehicle 

volume is kept low by shortening the arm length of the quadcopter. However, this reduces the 

drone’s stability due to the lower mass moment of inertia [122], and decreases its efficiency since 

a larger change in thrust is required to tilt the drone. Therefore, a higher change in the rotation 

speed of propellers is needed and more power is consumed. 

In this paper, we present a novel approach to safety and efficiency for delivery drone design. We 

propose to enclose a quadcopter (Fig. 5.1A-B) in a safe, densely gridded cage based on a tennis-

racket stringing technique [123]. To overcome the drag penalty of such a cage, the quadcopter 

has a morphing capability inspired by the ‘box turtle’s’ (Terrapene Carolina, T. ornata) limb re-

traction for protection (Fig. 5.1C-D) [124]. The quadcopter can retract its arms into the cage dur-

ing take-off and landing to prevent access to its propellers, keeping people safe. In addition to 

preventing injury, the retractable arms strategy results in a smaller footprint of the quadcopter 

during take-off and landing, offering access to cluttered and hard-to-reach places. In the proposed 

solution, the parcel is strategically located on top of the drone. This approach, as suggested in 

[57], enables the propellers to be tightly packed into the cage together without the parcel blocking 

the slipstreams. This allows the volume of the cage structure to be designed at a minimum by 

overlapping the propellers as shown in Fig. 5.2C. The overall small vehicle volume provides bet-

ter portability and storage with the arms fully retracted (Fig. 5.2). The cage structure also replaces 

the need for landing gears. During cruise flight, the arms of the quadcopter can be extended out 

of the cage, giving it the associated increase in efficiency and stability. Based on this proposed 

design, the mission profile of a drone, illustrated in Fig. 5.1E, consists of the propellers contained 

inside the cage during take-off and landing only (just a small portion of the whole mission) and 

deployed outside the cage during cruise to increase aerodynamic efficiency. 
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Figure 5.1 The morphing quadcopter fully enclosed in a cage enhancing safety for children and animals. 

(A) Photo of the retracted arms configuration inside the cage for take-off and landing. (B) Photo of the arms 

deployed outside the cage for the cruise mode with a parcel. (C) A ‘box turtle’ with retracted limbs and 

closed shell for protection [124]. (D) A box turtle with deployed limbs for locomotion [125]. (E) The con-

cept of safe and efficient delivery by a quadcopter with retractable arms. (Green arrow) The arms retracted 

in the cage during take-off and landing mode – while close to people and animals. (Red arrow) The arms 

deployed out of the cage for efficient cruise mode – far away from people and obstacles. 
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Figure 5.2 (A-B) Side cross-section of the quadcopter with the parcel and the cage. (C-D) Top view of the 

quadcopter without the parcel. (A, C) Retracted safe mode: arms inside the cage for take-off and landing. 

(B, D) Deployed mode for the cruise flight: arms deployed outside the cage. Increased efficiency, not af-

fected by the grid of the cage. 

5.2 Cage design 

The design of a safety cage that simultaneously protects humans and does not obstruct the pro-

peller airflow requires addressing multiple conflicting design challenges. The first is that the cage 

should be dense enough to prevent even small children’s fingers from passing through and touch-

ing the fast moving propellers. The second is that the cage should be stiff enough to prevent 

deformation resulting in contact with the propellers when people grab it. The third challenge is to 

disturb minimally the airflow through the propellers.  

To little affect the airflow from the propellers and reduce drag during take-off and landing, thick-

ness of the grid strings should be minimized. Multicopters typically fly in a variety of orientations 

and inclinations within a single mission. Thus, the strings should have a symmetrical cross-section 

to keep the same drag coefficient regardless of the pitch angle. To fulfill this requirement,  

a circular cross-section was selected. To reduce the drag, the thickness of cylinders should be 

minimized, but thinner cylinders are more flexible and may allow the cage to deform and enter in 

contact with the spinning propellers. Therefore, this tradeoff requires a study of the appropriate 

thickness and choice of materials. To do that, the forces applied on the cage while the drone is 

flying close to people and during in-hand landing need to be defined. 
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To fulfill the above-mentioned requirements, we designed a stringed cage inspired by a tennis 

racket that consists of a rigid frame and stretched strings that provide rigidity with very small 

deformation to the stiffness of the tensioned strings. 

 Density of a grid 

The density of the cage was designed such that the gaps in the cage were small enough that a child 

could not put his fingers into the cage. As a reference, statistical data of a three-year-old children’s 

smallest finger was selected [127] and the diameter of the fingertips (distal phalanges) used. The 

diameters ranged from 9 to 10 mm. Moreover, to enhance safety, one millimeter was subtracted 

from this diameter. The resulting maximal open space in the grid is 8 mm. This density ensures 

that the drone is safe when used near children. 

 Stiffness of the cage and grid  

The hallmark of multicopter safety is being safe enough for the user to catch the vehicle in 

flight. For this paper, we therefore used the scenario of in-hand landing as a goal for user safety. 

As a pair of outstretched hands can withstand a load of up to 20 kg without risk of injury [128], 

the user should be able to bear the weight of the proposed drone (2.5 kg), which is eight times 

lighter. We focused on three possible in-hand landing situations (Fig. 5.3). 

 

Figure 5.3 Free body diagrams of the drone cage held by the user (side view). (A) Drone held between a 

user’s open palms. (B) Drone gripped by a user’s palms. 𝐹ℎ is holding force, W is the drone weight, m is 

the drone mass, g is gravitational acceleration, f is friction force, F_N is the normal contact force, μ is the 

friction coefficient between the cage material (plastic) and human skin (0.7 [130]), 𝐹𝑔 is the gripping force. 

(C) Drone held on top of a user’s palms. 

In situation A, the drone is caught from the sides, between the user’s open palms flushed against 

the drone (Fig. 5.3A). Here, the friction forces 𝑓 generated between the palms and the cage bear 

the drone weight, 𝑊. Therefore, the required contact normal force 𝐹𝑁  applied by the user’s palms 

is 𝑊/(2𝜇) and is independent of the surface area of the palms. For a 2.5 kg drone and a friction 
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coefficient 𝜇 of 0.7 [130], the required normal force 𝐹𝑁 is 17.5 N. Therefore, as two hands hold 

the cage, the maximum force that the cage needs to withstand without being deformed is 35 N. 

In situation B, the user grasps the drone with both palms, mainly the fingers (Fig. 5.3B). To de-

termine the gripping forces acting on the cage as the user grasps the drone, we assume that the 

weight of the drone is borne by the user’s arm muscles. A study from [128] indicated the maxi-

mum average gripping force applied by one’s palms when gripping an object between 3.5 and 9.5 

cm thick. At 9.5 cm thickness, the average gripping force applied is 270 N. The magnitude of the 

gripping force also depicts a downward trend as the thickness increases. Therefore, the drone, 

14.5 cm thick would experience a smaller gripping force during in-hand landing. Thus, 270 N (2 ∙

𝐹𝑔) would be a conservative approximation of the force that a user would apply when grasping a 

landing multicopter.  

In situation C, the drone lands on top of the user’s outstretched palms, perpendicular to his body 

(Fig. 5.3C). Here, the drone structure should be able to bear its own 𝑊 weight force of approxi-

mately 25 N, which is much lower than in situation B. Since situation C is comparable to situation 

B when the force is applied to the cage frame and is the least demanding in terms of the force 

applied, only situations A and B are tested in the experimental validation for in-hand landing in 

Section 5.5.  

 Drag calculations of a grid 

The drag generated by the grid in the propeller slipstream and in the incident airflow during cruise 

flight can be calculated using the drag coefficient for obstructions in a wake, called the wake loss 

factor [132]. The wake loss factor for cylindrical shaped obstructions can be written as: 

𝐶𝑑𝑤 = 𝛽 ∙ 𝐶𝑑         (5.1) 

Where, 𝛽 is the blockage factor: 

𝛽 =
𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑜𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑛𝑔 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑎𝑘𝑒
     (5.2) 

𝐶𝑑 is the drag coefficient of the cylinders [133], which is a function of their local Reynolds num-

bers.  

The projected area of obstructing cylinders can be calculated knowing the space between strings 

and the diameter of the strings.  

The Reynolds number can be calculated from: 

 𝑅𝑒 =
𝜌∙𝑢∙𝐿

𝜇
          (5.3) 

Where, 𝜌 is the density of the air (1.225 kg/𝑚3), 𝑢 is the velocity of the air with respect to the 

object obstructing the flow [𝑚/𝑠], 𝐿 is a characteristic linear dimension [m], and 𝜇 is the dynamic 

viscosity of the air (18.5 μPa·s). For small diameters of cylinders (0.1-1 mm) and low airspeeds 

(~25 𝑚/𝑠), the local drag coefficient will typically range between 0.95 and 1.65 [134]. 
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Because of the uniform grid density, the blockage factor is simply the grid density. This means 

that it is independent of wake area. Combining this with the drag coefficient, 𝐶𝑑 gives the wake 

loss factor. In the case where the wake loss factor is too high, the string diameter should be re-

duced and stronger material found to provide enough strength. The lift reduction equations pre-

sented here will be validated experimentally in Section 5.4.  

5.3 Implementation 

To validate the proposed concept, we designed and characterized a morphing, densely caged 

quadcopter, codenamed GearQuad, capable of carrying 500 g payload.  

 Cage 

The cage is composed of two elements: external grid modules of different sizes and shapes  

(Fig. 5.4A) and an internal carbon truss (Fig. 5.4B). The grid modules are attached to the outside 

of the carbon truss (Fig. 5.4C). The truss is composed of 6 x 1 mm carbon fiber beams glued 

together with 3D printed joints. Thus, the carbon truss provides rigidity to the cage.  

The grid module was designed following the procedure presented in Section 5.2 and validated 

experimentally in Section 5.4. The grid modules (Fig. 5.4A) consist of tensioned string (0.3 mm 

diameter Dyneema string, 336.5 N at the break (tensile strength)) threaded through 3D printed, 

stiff and lightweight plastic frames (PLA). The string was threaded into an 8 mm by 8 mm grid 

through 1 mm diameter holes drilled into the frame. The strings were glued to each other using 

cyanoacrylate glue to prevent them from sliding if a finger is placed between them. The added 

glue increased the string diameter to 0.35 mm. The plastic module was attached with M2 screws 

to the plastic joints of the truss. The bottom part of the cage has semi-circular cutouts as presented 

in Fig. 5.4E. The semi-circular cutouts ensure that the grid does not impede the propeller slip-

streams when the propellers extend fully. In addition, these cutouts reduce the time required to 

deploy and retract the arms by decreasing the distance the propellers must travel to reach clean 

air. Therefore, a shorter arm length is implemented, which reduces weight and drag. 

The vehicle has the dimensions 52 x 52 x 14.5 cm with the arms retracted and 86 x 86 x 14.5 cm 

with the arms deployed. The dimensions of the drone are the result of two design decisions:  

(i) the propellers should provide sufficient thrust to lift the drone with a 500-gram payload;  

(ii) the maximum size of the drone with its arms retracted should fit within a person’s arms (with 

his hands outstretched, perpendicular to his body). For a small British adult (44 kg body weight), 

the length between the outstretched palm and chest is 34.5 cm [128], which is more than half of 

the length of the drone. This allows the drone to be grabbed by the recipient when landing.  

The cage was designed intentionally in octagon shape instead of a square to reduce the total mass 

of the material. Four doors are located at the four perpendicular sides of the cage. The doors are 

pushed open by the arms of the quadcopter on deployment (Fig. 5.4E) and are automatically 

closed by springs when the arms are retracted into the cage.  
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Figure 5.4. Elements of the GearQuad (A) Comparison between a tennis racket and a drone grid module. 

(B) Truss structure of the cage composed of pultruded carbon fibre beams connected by plastic joints.  

(C) Truss structure with grid modules installed. (D) The cage with integrated rotor arms and avionics 

payload. The arms are retracted inside the cage. (E) The drone with deployed arms and opened doors. 

 Morphing drone 

To minimize the size of the cage, and thus its weight and drag, the propeller disks were vertically 

offset by 12 mm, as shown in Fig. 5.5A, which allows overlapping between the propellers (Fig. 

5.2C). This is a key design feature to reduce the quadcopter cage footprint to a minimum. One of 

the challenges of designing the morphing technique is to limit the number of actuators deploying 

the arms of the quadcopter without compromising the mechanical strength of the arms. As a result, 

we designed a new, innovative mechanism that deploys the four arms symmetrically and simul-

taneously (Fig. 5.5B-C).  

The main body of the mechanism (Fig. 5.5B) is made out of 5 mm-thick laser cut acrylic plates. 

The arms consist of 10 mm carbon fiber tubes with a wall thickness of 1 mm. Each arm was 

inserted into a plastic, 3D printed (ABS) lubricated slider that allows the arms to deploy and 

retract freely (Fig. 5.5C). To move the arms, a plastic rack was glued to each arm using cyan-

acrylate glue. The rack is engaged by a single main gear placed in the center of the drone between 

the arms (Fig. 5.5B-C). Thus, when the gear rotates, all four arms simultaneously deploy or retract 

(Fig. 5.5C). To rotate the main gear, a DC motor (Pololu 154:1 Metal Gearmotor 20D x 44L mm) 

was used. To ensure a compact design, the motor is mounted perpendicular to the main gear of 
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the mechanism deploying the arms. Two conical gears (Fig. 5.5B-C) connect the motor and the 

main.  

An electronic controller (Pololu Simple High-Power Motor Controller 24v12) to control the speed 

and direction of rotation of the motor is connected to the autopilot’s PWM output. Moreover, two 

end switches are connected to the controller. The switches are responsible for turning off the DC 

motor when the limit position is reached.  

As shown in Tables 5.1 and 5.2, the elements that allow extension of the arms amount to 6.5% of 

the gross weight of the drone. 

TABLE 5.1 MASS DISTRIBUTION OF THE MORPHING MECHANISM OF THE QUADCOPTER. 

  

 

TABLE 5.2 MASS DISTRIBUTION OF THE PROTOTYPE. 
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Figure 5.5. Details of the propulsion mechanisms and morphing mechanism of the drone. (A) Side view of 

the drone presenting the offset of the arms placed in the plastic sliders. (B) Magnified isometric view of the 

drone showing the morphing arms mechanism and avionics. (C) The morphing mechanism of the arms 

shown without the cage and avionics. The blue arrows show the direction of rotation of the conical gears 

about the motor axis (red dashed line) and gear axis (yellow dashed line). The green arrows show the di-

rection of arm deployment. Reversing the direction of rotation of the motor will change the direction of 

translational movement of the arms.  
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5.4 Experimental characterization  

A series of experiments was performed to validate the influence of the grid and of the entire cage 

(including reinforcing elements) on lifting capabilities of the drone as predicted by the calcula-

tions described in Section 5.2.3.  

In the experiments, lift was measured at varying distances (𝑑) between a grid and a single propel-

ler in two configurations (Fig. 5.6). In the first configuration, the grid is downstream of the pro-

peller (Fig. 5.6A). To test this configuration, the grid was installed below the propeller as shown 

in Fig. 5.6A and the setup shown in Fig. 5.6D was implemented. In the second configuration, the 

grid is upstream of the propeller (Fig. 5.6B). This represents the case where the grid modules are 

positioned above the propellers on the quadcopter. To test both configurations, the characteriza-

tion bench shown in Fig. 5.6D was used, however, the propeller orientation was changed (flipped 

180 degrees around the horizontal axis) and direction of rotation was reversed. This allows the 

grid in the setup to remain in the position below the propeller, as shown in Fig. 5.6B. In addition, 

for distance between the propeller and grid, studies on the dependency of rotation speed and pro-

peller size were also performed by repeating the experiment at various rotation speeds and pro-

peller sizes. 

 

Figure 5.6 Experimental setup for lift measurements. Blue arrows represent the direction of the airflow. (A) 

A schematic representation of the setup with the grid placed downstream of a single propeller. (B) A sche-

matic representation of the setup with the grid placed upstream of a single propeller. (C) A schematic rep-

resentation of the setup with the arms retracted quadcopter with a cage. (D) Photo of the experimental set-

up with a grid attached to 60x60 cm square wooden frame. 
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The measurements were conducted using the RC Benchmark 1580 Series dynamometer sensor, 

which gives values in kg [74], attached to a custom stand (Fig. 5.6D). During the experiment, an 

AXI 2217-16 V2 (1380KV) motor with 40A ESC was used. The voltage was set to 12.6V with a 

power supply (Keithley 2260B-30-72) corresponding to the equivalent of a fully charged 3S bat-

tery. The grid is stretched into a square frame with external dimensions of 60 cm and internal 

dimensions of 54 cm. The grid is composed of 0.3 mm strings (after gluing 0.35 mm) with 8 mm 

spacing in between. The frame is connected to the RC benchmark sensor by a 10 mm carbon tube 

and two vertical beams (Fig. 5.6D). The sensor is attached by screws to the stand at the center. 

The grid is moved from a distance of 2 cm to 50 cm from the propeller, with measurements taken 

at thirteen different steps in between. The values of distances are presented on the x-axis of the 

plot in Fig. 5.7. The experiment was conducted for the two specified configurations (grid posi-

tioned upstream and downstream of propeller) and for the case without the grid.  

As shown in Fig. 5.7, the grid placed at the aforementioned distances upstream of an 8x4.5MR 

propeller reduces the lift by an average value of 6.5 g or 0.6% of the measured for a single pro-

peller rotating at 13200 RPM upstream of the grid. On the other hand, the grid placed downstream 

of the single propeller rotating at 13200 RPM, decreases the lift by an average value of 78 g or 

6.3%. The value of decrement for both configurations is constant for varying distances between 

the grid and propeller. Therefore, varying the distance between the grid and the propeller does not 

have a measurable influence on the electric power consumed by the motor.  

For the downstream configuration, the wake loss factor can be calculated using equation (5.1) and 

then compared with the experimental results. Based on the string diameter and spacing, the block-

age factor 𝛽 calculated using (2) is 0.070. The Reynolds number, calculated from (3), is approx-

imately 477, which corresponds to a local drag coefficient of 1.1 [133]. The air speed (24 m/s) 

used in the calculation of the Reynolds number was measured using a hot wire anemometer sen-

sor. The sensor was placed 2 cm below the propeller without the grid and at a distance equal to 

half of the propeller radius from the axis of rotation of the motor. Using these values, the wake 

loss factor calculated with (1) gives a value of 0.0776.  

This value of the wake loss factor can be compared to an experimentally determined value by 

comparing the motor thrust with and without the grid using the formula: 

𝐶𝑑𝑤 𝑒𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 1 − 
𝑡ℎ𝑟𝑢𝑠𝑡𝑤𝑖𝑡ℎ 𝑔𝑟𝑖𝑑

𝑡ℎ𝑟𝑢𝑠𝑡𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑔𝑟𝑖𝑑
     (5.4) 

This experimentally determined value is approximately 0.0777. Thus, calculations (0.0776) match 

well with experimental validation (0.0777).  

For the setup where the grid is upstream of the propeller (Fig. 5.6B), the airflow is pressing on 

the load cell, which creates an additional force on the load cell. This force must be accounted for 

to compare measurements to those obtained when the grid is downstream of the propeller. Thus, 

the drag value generated by the setup was measured and added to the values of lift measured in 

the upstream grid configuration. Wake loss factor was not calculated for the upstream configura-

tion, as the grid is not in the wake of the propeller for this configuration.  
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Figure 5.7. Influence on lift when a grid is placed downstream (dotted line) and upstream (solid line) of a 

single propeller - APC8x4.5MR. Measurements are made for different rotation speeds of the motor. The 

grid is placed at different distances from the propeller. 

 Lift savings with deployed arms of quadcopter 

The grid placed below and above a propeller has minimal impact on lift (<10%). However, the 

cage placed around the quadcopter and the truss carbon structure with overlapping propellers 

generate additional drag and turbulence that reduce lift. 

Two experiments were performed to understand the impact of the entire cage (Fig. 5.6C), one 

with the quadcopter equipped with the cage and the second with the same quadcopter without the 

cage. Both quadcopters were attached to the RC benchmark test stand used in the previous exper-

iments. The lift was measured in different states of the arm deployment and with different motor 

speeds. The arm deployment distance was measured from the yaw axis of the drone to the axis of 

rotation of the propeller.  In cruise flight, multicopters fly at a maximum of 80% of full throttle 

for maneuverability and energy efficiency. Measurements were therefore performed at 10400 

RPM, which is 79% of full throttle. As observed in Fig. 5.8, the lift of the drone without the cage 

(dotted lines) is only affected at its smallest configuration with completely retracted arms (dis-

tance 12-16 cm), where the neighboring propellers overlap and tips of the propellers are close to 

each other. As soon as the propellers move away from each other, the lift value increases and 

becomes constant. The difference in lift between fully retracted arms and fully deployed arms is 

12% for the quadcopter without cage and 21% with the cage. This shows that as expected, the 

cage decreases the lift of the drone. In addition, these experiments showed that the lift has the 
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same value when the propellers are outside the cage and with propellers placed at the same posi-

tion but without the cage (plots converge). This result demonstrates that deploying the arms out-

side the cage provides unobstructed airflow and avoids negative impact on the lift. 

 

Figure 5.8. Influence on lift for a quadcopter with and without the cage in different arms deployment con-

figurations. At the top of the figure are quadcopters in different phases of arms deployment, indicating 

graphically the state of the quadcopter corresponding to the plot below. Images above the plot show three 

phases of deployment, (A) propellers overlapping and fully in the cage, (B) propellers partially in the cage, 

(C) propellers outside the cage. Distance of deployment was measured from the yaw axis of the drone to 

the rotation axis of a propeller. On the graph, the solid lines present plots for the drone without the cage. 

The dashed lines refer to the plots with the cage. 

 Grid strength for finger pressure 

To validate the safety of the grid while a finger is pushed on the grid, an experiment with an 

artificial finger was performed. Of interest is how much force is required to deflect the grid 35 

mm (the distance to the propeller tip) and how that compares with the force applied by an adult  

of 22 to30 years-old when catching the vehicle, which is 30N [138]. 

To imitate a soft finger, a flexible cylinder with rounded edges, made of TPE (NinjaFlex) was 3D 

printed (Fig. 5.9). The size of the finger (19 mm in diameter) was selected from a population of 

British adults [30]. The artificial finger was mounted onto an Instron 5965 machine (with 500 N 

load cell), as shown in Fig. 5.10. The force required to break the single string used for the grid 
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according to string manufacturer is 336.5 N, which is almost twelve times higher than the force 

applied by a male subject’s index finger [137]. This means that the string used has a high safety 

factor and could be the last breaking point. Thus, other breaking points of the grid should be 

considered, which could be: (i) reaching a grid deflection of 35 mm; (ii) cracking of the plastic 

frame holding the grid; and (iii) separation of strings at grid vertices due to failure of the glue 

used to bind the strings. For characterizing those additional breaking points, an experiment was 

performed. The artificial finger was placed between the strings so that the force applied by the 

Instron machine would press the strings apart. For the test, 5 x 10 cm square modules, which 

correspond to the size of the modules used on the vehicle, were 3D printed and threaded. The 

module was attached to a square wooden frame at the corners and at the middle of each side, the 

same way, as attached to the vehicle (Fig. 5.10). 

 

Figure 5.9 Experimental setup installed in Instron machine for testing a grid module. During the tests,  

an artificial 3D printed finger of the 19 mm diameter was used. The finger was applied between the strings 

of the grid. 

 

Figure 5.10. Plot shows results of the experiment, which tests strength of the grid module when a finger 

presses between strings of the grid. The force is measured until the module breaks which occurs after 2.5 

cm and reaching an average value of 297N. 
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Fig. 5.10 presents the results of the strength tests of five grid modules. Each color represents a 

single test. The average value of maximum load at breaking point is 297 N with standard deviation 

46 N. Samples started to fail reaching average extension of 28 mm with standard deviation 2 mm. 

This number fulfils the previously presented required force of 30 N that can be applied by an 

index finger of adults between 22 and 30 years old [138]. Under a load of 30 N, the deflection is 

smaller than 1.5 cm, which is smaller than the 35 mm that separate the grid from the tip of the 

rotating propeller. During the test, the plastic frame broke three times and the glue broke two 

times.  

  Cage frame strength while landing in hands 

To enable in-hand delivery, the cage has to be rigid enough to prevent deformation and access to 

the propellers. To measure the maximum force applicable without bringing the cage in contact 

with the propellers, the two situations A and B in Section 5.2 were considered: (A) the drone is 

caught from the sides, between the user’s open palms flushed against the drone (Fig. 5.3A); (B) 

drone is gripped at the sides by two palms, mainly the fingers (Fig. 5.3B). 

For situation A, the drone platform was placed between two wooden plates and installed vertically 

in the Instron machine (Fig. 5.11A-B). The Instron applied a force from 0 N to 350 N. The exper-

iment revealed that the structure of the cage can withstand on average 312 N (10 tests, standard 

deviation 8.1 N) before it experiences a deformation of at least 5 mm (distance between the pro-

peller tips and the cage is 35 mm in the prototype), which is nine times greater than the 35 N force 

approximated in Section 5.2. The experiment was stopped after reaching 5 mm to prevent dam-

aging the prototype. 

For situation B, where the drone is gripped between two palms while landing, the drone platform 

was placed horizontally in the Instron machine (Fig. 5.11C) between a plate and a force sensor, 

mimicking four fingers from the bottom and a thumb at the top. The cage deformation was meas-

ured at two locations. In the first location, the thumb was placed at the center of the sidewall of 

the drone (Fig. 5.11C). An applied force from the Instron machine of 300 N (rounded up from the 

270 N force approximated in Section 5.2) deformed the cage by 9.5 mm (10 tests, standard devi-

ation 0.6 mm). In the second location at the connection of two walls, the cage under the load of 

300 N deformed by only 1.9 mm (10 tests, standard deviation 0.75 mm). Both tests revealed that 

the drone could be safely gripped because the minimum distance between the cage and a propeller 

in this direction is 2.5 cm.  
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Figure 5.11. The drone installed in the Instron machine to test deformation during in-hand landing. (A-B) 

The drone placed on its sides (vertical orientation) for the cage deformation test where the cage is held 

between two open palms. (A) Top view of the drone. (B) Bottom view of the drone. (C) The drone placed 

in the horizontal orientation for the cage deformation test where the cage is gripped by two palms – four 

fingers and thumb.  

 Flight stability during morphing  

In order to measure the stability of the drone during morphing, a series of deployment tests was 

performed in an OptiTrack motion capture system. The drone was commanded to hover in posi-

tion at 0.7 meters altitude. During hover, the arms were retracted and deployed. Default autopilot 

settings were taken from the PX4 flight stack controller for an X shaped quadcopter. Fig. 5.12 

shows the position of the drone in x, y, z and roll, pitch, and yaw angles as a function of time. As 

the arms deploy and retract, the drone remains in position in the x-y horizontal plane, but deviated 

by approximately 0.3 m along the vertical axis z (Fig. 5.12A). This altitude variation is generated 

by the influence of the cage on the lift force as the arms extend and retract. Fig. 5.12B shows the 

small oscillation around the pitch (y) and roll (x) axis (maximum 1.9 degrees). During morphing, 

the drone slowly rotates around its yaw axis to a maximum value of 3.25 degrees and subsequently 



 

 
96 

returns to its original position. These experiments showed that the drone remains stable both in 

its position and in orientation during morphing. The test was repeated five times, producing sim-

ilar results. These results, including the 0.3 meters variation in altitude and small yaw oscillations, 

could be further improved by tuning the gains of the PID controller (rather than using the default 

values) to ensure that thrust can be adjusted quickly to maintain the altitude and orientation of the 

quadcopter. 

 

Figure 5.12. Plots showing the stability of the drone’s attitude and altitude during arms morphing. Colored 

areas show the different phases of morphing: the blue area – arm deployment, the green area -arm retraction, 

the white area – stable hover state between morphing. (A) Plot shows the position profile of the drone. (B) 

Plot shows the attitude profile of the drone. 
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 Hovering time 

To show the difference in flight endurance between the retracted and deployed arm configura-

tions, a test was conducted where the vehicle with a fully charged battery was commanded to 

keep a constant position and altitude of 1 m above the ground until the battery level reaches 15% 

of full charge. The hovering time was measured five times in two different conditions: (i) fully 

retracted arms in the cage (average: 5 minutes 34 seconds, standard deviation: 4 seconds);  

(ii) deployed arms outside the cage (average: 8 minutes 3 seconds, standard deviation: 7 seconds). 

The experiment revealed that the drone with arms deployed outside the cage could hover 31% 

longer before the battery reaches a 15% charge level. 

5.5 Conclusions 

We have described a novel approach to increase the safety and aerodynamic efficiency of an aerial 

delivery multicopter by using a compact, dense cage and morphing arms. The cage is made of a 

dense grid, which prevents fingers from accessing rotating propellers. During the short period of 

take-off and landing, the propellers are retracted into the cage to provide safety for people and the 

drone. During cruise flight at high altitude, the quadcopters arms deploy from the cage to increase 

aerodynamic efficiency. Arms deployed outside the cage increase lift by 0.606 kg, which is a 21% 

enhancement when compared with inside the cage. The mass of the components used to enable 

the arm deployment is 0.169 kg, which is 6% of the gross mass of the drone. This leads to a net 

lift saving of 15% or 0.437 kg compared to when the arms are retracted. This additional lift can 

be used to carry larger batteries or heavier payload. Moreover, placing the propellers and motors 

further apart from each other increases the stability of the quadcopter and decreases the control 

effort to maneuver the drone, which in turn leads to further energy savings. The storage volume 

of the drone is reduced by 55% when the arms are retracted into the cage, which facilitates storage 

and transportation of the drone to the place of deployment.  

Further weight reduction is possible by replacing the small plastic grids with larger modules. In 

addition, the frame holding the strings could be further strengthened by using carbon, aluminum 

alloy or titanium, similarly to the frame of tennis rackets. Moreover, the mixer and PID gains 

should be further optimized by testing the drone in a wind tunnel. Future development will also 

contain a controller that should allow adapting the gains during morphing for different external 

conditions, e.g. wind gusts.  
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 Concluding remarks 
 

HE final chapter summarizes the main contributions of the thesis, namely creating a single 

delivery solution to the limitations of parcel delivery from person-to-person over a short 

range. The chapter also presents possible applications for the drone delivery system created 

from the described solutions. The real-life demonstrations and flights delivering directly to inex-

perienced users prompted additional questions and challenges on how drone systems for last cen-

timeter delivery can be improved, directing at topics for further research and developments, which 

are discussed here.  
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6.1 Main accomplishments 

This thesis describes the design process of an integrated parcel delivery solution developed to 

address the current limitations of drone delivery systems for last-mile delivery. Specifically, the 

developed solutions together, created a next generation drone delivery system for last-centimeter 

delivery, transporting payloads directly from person-to-person. The system is composed of hard-

ware and software components that enables the following features: adaptable to different payload 

dimensions, safe for people, the drone and its cargo, easy to store and transport, easy to use and 

efficient. Moreover, the system is uncomplicated for inexperienced users. The goals were 

achieved through four main developments.  

Firstly, a new approach of placing the parcel above the propellers was done to enable delivery of 

parcels of variable sizes. Particularly super-sized parcels, which exceed the footprint of the mul-

ticopter. The study of this new design approach, presented in chapter 2, showed various benefits, 

which include the capability of using a small multicopter airframe that leads to a significant re-

duction in drag and weight. As such, the design framework of the new, safe and efficient drone 

delivery solutions, as presented in Chapters 3 and 5, centers on the proposed parcel placement 

approach. We believe this design will inspire other designers and engineers to find solutions for 

existing limitations in other drone applications.  

The second major contribution of this thesis is the development of the method to design and man-

ufacturing foldable protective structures for multicopters, based on origami technique. The novel 

method transforms a flat origami pattern into a spatial cage structure that can be simultaneously 

used as protection for people, the drone and the transported payload without significantly affect-

ing the aerodynamic efficiency of the quadcopter. The new cage truss structure is composed of a 

combination of rigid and soft components in order to obtain an easy transition from the deployed 

drone configuration to a storable one for easy transportation and storage. The foldable feature 

enables reducing storage volume of the drone by 92%. The concept of a folding protective cage 

could be used to encapsulate other commercially available flying vehicles.  

Thirdly, the software SimplyFly was developed to provide autonomous delivery drone service 

from person-to-person. The intuitive Graphical User Interface and integrated photo tutorial in the 

Web Application, guides a recipient to operate intuitively the drone to receive a parcel delivery. 

The flight path between the sender and recipient of the drone is generated automatically. The 

software is compatible with Unmanned Traffic Management Systems (UTMS) that will automat-

ically provide authorization for the drone to fly according to the available air space at the deploy-

ment location. The sender has to select a recipient from the recipients registered in the system to 

send a parcel. The software takes into account of all the steps required for the drone to fly which 

include controlling and navigating the drone. Therefore, even inexperienced users can use the 

software and hardware. Furthermore, the software may be used by all drones equipped with a 

flight stack controller that uses the MavLink protocol, making the software available to a wide 

variety of platforms.  

The assessment of hardware and software functionality was performed in several demonstration 

and field tests. This allowed us to observe software-human-drone interaction as well as gather 

feedback directly from the users. The lessons learned are currently being used for future system 

improvements. 
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Finally, the fourth development was to improve safety and aerodynamic efficiency. The arms of 

the quadcopter can retract into a very dense cage serving to separate the propellers from the ex-

ternal environment for take-off and landing. The dense cage allows delivery in the proximity of 

children, in-hand landing and landing in cluttered environments or on inclined surfaces. The de-

creased aerodynamic efficiency and increased power consumption from the drag caused by the 

very dense cage lasts only a short time, which is during the take-off and landing.  

6.2 Potential applications 

The last-mile delivery of parcels costs transportation companies more than 53% of the total de-

livery cost [7]. Fast delivery of items in cluttered urban environments with congested ground 

traffic is starting to be problematic for delivery companies. The problem is even bigger during 

rush hours. Likewise, delivery in a short range may be challenging, for example, from one side 

of a river to the other could take a lot of time if the bridge you have to cross is far from the point 

of dispatch. Also, ground delivery capacity for small samples on campuses and in clinics or hos-

pitals is limited to the available paths, corridors and elevators that may be already fully-occupied 

by doctors, nurses and patients who have priority when moving or being transported to the treat-

ment place. Besides, delivery of letters, samples or small items manufactured in workshops on 

site in large universities or companies is usually minimum one-day delivery by internal mail. In 

less congested environments, the problem of rapid delivery is no less problematic. Remote loca-

tions in developing countries suffer from a lack of good road infrastructure and often-harsh envi-

ronments that decrease the speed of moving from point-to-point. 

In this regard, the easy-to-use, person-to-person drone delivery system for last-centimeter deliv-

ery is able to solve these ground delivery limitations. Firstly, the electric power consumption of 

delivery drones is very low [1].The system can be stored easily in an office and deployed outside 

of a building without the need to create special landing stations. Moreover, thanks to in-hand 

landing possibility, a drone can deliver directly through windows or onto balconies and the easy-

to-use software permits launching a drone from any mobile device. 

In the introduction and in Chapter 5, examples of other drone delivery applications indicate the 

real interest of different stakeholders for using drones for last-cm delivery. A respected Swiss 

security company recognized the benefits of easy and fast air delivery of valuable items. They 

would like to acquire the Dronistics drone delivery system. The company’s interest is in transpor-

tation of one-time high-value objects from one location to another. Due to the complexity of flight 

paths in urban environments and the proximity of international airports, use of a small drone with 

a safe cage for landing in crowded environments is critical. Trial flights are planned with this 

company for spring 2020. A further application was seen by the Non-Governmental Organization 

– WeRobotics, who would like to use Dronistics system for delivery of health care-related items 

found in hospitals, clinics or pharmacies directly to health care workers working in villages in 

remote locations. Lack of good roads slows down the worker’s movements and they cannot al-

ways know in advance the equipment and medications they may require. In addition, some med-

ications require special storage conditions such as low temperature for delivery.  
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6.3 Future development  

This section proposes future development to improve and extend the drone delivery possibilities. 

The proposed future work is organized into groups according to the challenges for drone delivery 

defined in the thesis.  

A surrounding protective structure presented in this thesis greatly improves safety, but increases 

the overall surface area of a drone, which makes them more sensitive to wind. When wind gust 

appears, the drone is destabilized or even flipped over, which could cause a crash. In that respect, 

algorithms to withstand winds, especially when transporting super-sized parcels would be a very 

important part of future studies. A promising candidate is the Incremental Nonlinear Dynamic 

Inversion (INDI) controller. Another solution can be use of ESCs and motors that could quickly 

revert rotation direction or variable pitch propellers. They would allow quickly changing direction 

of thrust vectors of each propeller, which would allow stabilizing the drone to the initial efficient 

flight orientation even if the drone were upside down. In addition, algorithms that can dynamically 

plan flight paths according to information from ground sensors detecting high wind speeds are 

essential. These algorithms could extend to users to change delivery points during flights to adapt 

to difficult wind situations. Dynamic path planning would be very helpful in situations where 

dynamic obstacle avoidance must be triggered based on information from sensor readings. Indeed, 

alongside further drone development, position and location of sensors should be taken into con-

sideration, which can be challenging when working with morphing structures such as folding 

cages.  

The impact of different cage structures and parcel size on the propulsion system of the drone was 

studied in this thesis. Several solutions were presented to curb the reduction of aerodynamic effi-

ciency. However, this work mainly dealt with the hover mode that allows the drone to stay in the 

air. Further investigation should be focused on the impact of the cage and the payload during 

cruise flight. Wind tunnel tests should be performed to measure the influence of the cage and 

parcel on the endurance of the drone. Aerodynamic efficiency of standard configurations of mul-

ticopters are available. However, combining propellers with different configurations and the in-

fluence of one airflow on another could be an interesting direction of study. For example, new 

configurations may allow decreasing the footprint of multicopters used to land in cluttered envi-

ronments, providing redundancy in the system and at the same time maintaining high aerody-

namic efficiency.  

All-around cages separate propellers from the environment when flying close to people and allow 

in-hand landing. However, energy absorption capabilities are still limited. Further studies should 

test use of new lightweight materials. Advanced manufacturing techniques could help create 

structures with existing materials that absorb more energy and possibly reduce the mass of the 

protective structures to increase the range and payload of drones. These studies should be accom-

panied by investigation of manufacturing techniques that would allow faster production of pro-

tective grids and assembling of cages. 

To simplify use of hardware and software, further studies of software-human-drone interaction 

will have to be performed in various user scenarios. The software Graphic User Interface can be 

further simplified to reduce the number of steps that the user has to follow. Implementation of 

voice instructions to assist users at every step when operating the system could reduce time of 

operation and may increase comfort and acceptability of drone use for personal deliveries.  



 

 

Appendix A  

Energy absorption capabilities of the 

cage at the moment of impact with the 

ground  

A.1 Introduction 

Delivery of high value and fragile payloads that are sensitive to shocks or vibrations requires 

providing additional protection. This is particularly true in the event of a crash caused by a mal-

function in the propulsion system or unexpected contact with an obstacle. To protect a drone and 

payload from high altitude falls, the most adopted and efficient solution is a parachute. However, 

additional protection should be provided for low altitude flights where a parachute will not have 

enough time to open and decrease the speed before the hitting the ground. The problem is worse 

when the parcel is located below the vehicle, as it could be crushed. On the other hand, when the 

parcel is placed inside the cage and attached to the top of the cage, the cage can act as a damper 

absorbing energy of the impact with the ground after a fall from low altitude. In this Appendix, 

an improvement to the cage is proposed that increases the energy that can be absorbed during 

impact with the ground in the case of a vertical fall. The idea is to increase cage stiffness without 

significantly increasing the weight. 

A.2 Concept and calculations 

During impact with the ground, the cage can act as a damper absorbing impact energy by displac-

ing the parcel attached at the top of the cage. This reduces the overall energy transferred to the 

ground or object during the collision.  

The energy absorbed by the cage (𝐸𝑐𝑎𝑔𝑒) can be calculated using the equation:  

𝐸𝑐𝑎𝑔𝑒 = 𝐹 ∙ 𝑆 = 𝑚 ∙ 𝑔 ∙ 𝑆      (A.1) 

Where 𝑆, is the maximum possible displacement of the parcel on impact (distance between the 

bottom of the parcel and the top of the electronic lid), 𝐹, the weight of the parcel, 𝑚, the mass of 

the parcel and 𝑔, the gravitational acceleration. A free-body diagram is presented in Figure A.1. 
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Figure A.1 Schematic representation of components, forces and dimensions of PackDrone  

required for study in this Appendix.  

The experiment performed in Section 3.5.1 measured the vertical displacement of the top central 

joint of the cage under different cargo loads. In Figure 3.8A, we can see results of the experiment 

where the top joint displaces 0.15 m under a load of 1.35kg. Thus, the energy absorbed calculated 

from equation (A.1) is1.99𝐽. 

On impact after free fall, the parcel travels vertically down deforming first the flexible joint and 

second, the rods in each module of the cage marked by dashed yellow curved lines in Figure 3.8B. 

To increase the stiffness of the cage and energy absorption capabilities, rods of larger diameter 

that can withstand a higher critical force 𝐹𝑐𝑟, before buckling replace the old rods. The critical 

force 𝐹𝑐𝑟, can be calculated from equation 3.5 in Section 3.5.1. The goal is to increase the energy 

absorption capacity with minimal increase in the weight of the rods and overall mass of the cage 

using commercially available components, such as those in Fig. A.2.  

The rods used in the prototype presented in chapter 3 are pultruded carbon fiber rods of diameter 

1.5 mm and length 0.3 meter. Results of the calculations of the critical force before buckling are 

set out in Figure A.2.  

A.3 Experimental results 

After replacing the rods (1.5 mm in diameter) described in the previous section by tubes (2.5 mm 

external diameter, internal diameter 1.5 mm), the experiment in Section 3.5.1 was repeated to 

calculate the new energy absorption capability. The results are presented in Figure A.3. In this 

experiment, the top joint displaces 0.15 m under a load of 8.21 kg. Thus, the energy absorbed by 

the cage, calculated from equation A.1, is 12.15 J, which is six-fold increase in energy absorption 

compared to the cage with rods of diameter 1.5 mm.  

To maximize absorbed energy, the distance S should be maximized, meaning that the height of 

the parcel must be minimized to maximize energy absorption.  

The increment of stiffness of the cage after replacing the rods can be defined by calculating the 

value of the safety factor 𝑠𝑓, from equation 3.7. The safety factor for 1.5 mm diameter rods is 2.4, 

and for 2.5 mm diameter tubes 15.2. Thus, the stiffness is increased 6.3 fold. 
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Figure A.2. The plot presents critical force as a function of mass for several commercially available rods 

and tubes (o external diameter /internal diameter of tubes).  

 

Figure A.3. The plot presents experimentally measured displacement of the top joint of the cage under 

different parcel loads (continuous blue line). The tubes of the cage start to buckle significantly under a load 

of 60N. 
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Appendix B PackDrone V2, 

Enhanced endurance/payload, 

and safety of the propulsion system 
This Appendix presents work in progress and future steps to produce increased endurance/payload 

and enhanced safety of the propulsion system in the PackDrone platform. 

C.1 Introduction 

The standard approach to increase payload or endurance of multicopters is to increase the size or 

number of propellers and increase capacity of the battery. The most aerodynamically efficient 

configuration is when the propellers are placed in the same plane, next to each other. However, 

this method increases the drone’s footprint, which makes it hard to fly among obstacles or land 

in cluttered environments. One approach to reduce the footprint of a drone is to place the motors 

and propellers in close proximity one above another, e.g., placing two motors and propellers onto 

one arm of the multicopter - coaxial configuration. This allows limiting additional weight added 

to the platform because motors use a common airframe. However, the airflows generated by pro-

pellers placed in close proximity interact directly with one another, reducing aerodynamic effi-

ciency by 10-20%. This is because the bottom motor rotates in air already speed-up by the top 

propeller. Thus, the difference in air pressure for the bottom propeller is smaller, which causes a 

reduction in lift, so the drone loses efficiency. State-of-the-art data presents only results of exper-

iments where propellers are placed in close proximity. Therefore, the solution to avoid reduced 

efficiency could be to increase the distance between the propellers. However, this solution has 

never been studied, as this idea requires additional structural components of the airframe to main-

tain distance between the propellers, which would increase the weight of the platform to overcome 

the 20% loss. In PackDrone, additional propellers can be just integrated into the top part of the 

cage, which would give a configuration of a co-axial quadcopter (Figure B.1). This proposed 

design would increase the distance between the propellers and no additional components are re-

quired to connect both quadcopters. Validation of this concept by aerodynamic tests is an inter-

esting topic and will be performed in future studies.  

The second goal of the new design of PackDrone is to enhance the safety of the propulsion system 

by a procedure allowing the drone stay in the air even if some components of the propulsion 

system are damaged, such as one of the motors, the Electronic Speed Controller, a propeller or a 

battery. Different solutions to withstand malfunction of motors were presented in Section 1.2.2. 

However, they require special control algorithms that require optimizing each time the inertia of 

the drone is changed due to different weighs of payload. In that way, selection of an approach that 

increases the number of motors to provide a redundant system is a simple and safe solution.  
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Figure B.1 Photograph of the first version of the prototype of PackDrone V2. (Top) Isometric view. (Bot-

tom) Top view shows the airfoil shape of the battery case. 

In this Appendix, we propose a design of PackDrone with an integrated quadcopter in a co-axial 

configuration (eight motors), which, based on initial calculations compared to PackDrone version 

1, should increase the payload two fold, endurance three fold and provide a redundant propulsion 

system. This creates a system in which even if four motors fail, the drone can still balance in the 

air and land safely. Challenges to integrate this particular configuration of propulsion system into 

PackDrone are: (i) defining the position of the batteries and payload, (ii) connecting redundant 

batteries to the propulsion system, (iii) distributing power and signal between the top and bottom 

layers of the motors, the autopilot and batteries, (iii) reducing drag created by big-sized batteries, 

(iv) folding the cage with a second set of arms, (v) programming a co-axial quadcopter when the 

distance between the propellers is increased.  



 

 
108 

C.2 Prototype 

This section presents the first version of PackDrone prototype V2, which addresses a few of the 

challenges presented.  

In the configuration of a co-axial quadcopter, four motors are integrated into the top and four the 

bottom part of the cage (Figure B.1 and B.2), creating two layers at a distance of less than the 

radius of the cage. Two motors placed above each other have to run in opposite directions (Figure 

B.3), but each layer has a configuration of the quadcopter. Thus, the drone could still fly if the 

second layer is turned off. This feature provides redundancy of the power source, where two bat-

teries can be used, and each quadcopter (layer of motors) can be powered from a single battery. 

This allows the drone to stay in the air and land safely even if one battery malfunctions. To reduce 

the length of the cables to power the quadcopters, the batteries were placed inside the cage be-

tween the quadcopters. Cables of each battery are facing up or down to power accordingly each 

quadcopter. The large size of the batteries increases drag and reduces the range of flight or pay-

load. Thus, to reduce drag during a fast cruise flight, the batteries were encapsulated into an air-

foil-shaped case (Figure B.2). Two 4-in-1 ESCs are placed at the center, above and below the 

arms of both quadcopters and are connected directly to the batteries. The autopilot is situated at 

the top part of the drone to reduce the GPS’ cable length, which is placed on the top of the cage. 

The PWM signal from the autopilot to the bottom of the 4-in-1 ESC is distributed via five thin 

lightweight cables tangled around the rods of the cage. The battery case was designed as a com-

partment for small-sized payloads. Bigger-sized payloads can be placed above the cage. However, 

further investigation of the distribution of the CG should be considered, taking into account mal-

functions of the different motors. For the autopilot, PixHawk4 with PX4 flight stack software was 

used. Initial flight tests (without the payload), revealed that using a standard flight stack for co-

axial quadcopters allows the drone to fly stably. 

Appendix C presents two versions of PackDrone V2.  

 

Figure B.2 CAD design of the PackDrone V2 prototype with the first approach of positioning components.  
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Figure B.3 Symbolic representation of directions of rotation of each propeller in the configuration of a co-

axial quadcopter. 

C.3 Conclusions and future work  

Despite the possible loss of efficiency, PackDrone with co-axial quadcopter configuration will 

increase safety by using redundant components, increase the payload/range from sharing the air-

frame between the increased numbers of motors. Additional motors will provide more lift, thus, 

a battery with higher capacity can be used. The co-axial quadcopter configuration will maintain 

the small footprint of the drone, thereby allowing delivery to cluttered environments.  

In a future investigation of the position of the CG, the case of malfunction of the different com-

ponents should be taken into consideration. Aerodynamic experiments to verify the concept of 

reduced loss of power efficiency due to increased space between the propellers should be per-

formed. Wind tunnel tests should be done to verify use of the airfoil-shaped casing of the battery. 

Moreover, flight tests should be performed to validate calculations of the range of flight without 

and with different payload weights. Additional tests should be done to verify the drone’s behavior 

when simulating malfunction of the different components. 



 

 

Appendix C Evolution of the PackDrone 
In this thesis, different types and sizes of the PackDrone platform were designed and manufac-

tured. The purpose and improvement for each version are described in this Appendix. The evolu-

tion of the PackDrone platform led to the final design of PackDrone V2. 

C.1 PackDrone v1.0 

Proof of concept prototype 

 

The goal for this prototype was to validate the concept of a foldable protective cage. In this version 

of the PackDrone, the cage was made out of 1.5 mm rods. The bottom locking mechanism was 

designed to unlock the arms in case of collision with the ground, preventing damaging the pro-

pulsion mechanism and other components of the drone. Two batteries were located inside the 

cage. The main limitations of this platform were related to the propulsion system. Cheap compo-

nents caused different problems, preventing performing extensive flight experiments. For exam-

ple, motors overheated reducing rotation speed, which lead to a sudden reduction in thrust on a 

random motor, causing a crash. The software of ESCs were designed to restart themselves as soon 

as PWM signal was lost for a fraction of a second, which lead to unexpected stopping of a motor.  

Payload: 0.5 kg 

Time of hover: 10 min.  

Weight: 1.5 kg  

Deployed dimensions: ∅65 x 43 cm (D x H) 

Folded dimensions: 31 x 38 x 12 cm (W x L x H) 

Interface for the parcel: net   



 

 

C.2 PackDrone v1.0S 

Two-times smaller version of the PackDrone v1.0 - designed for wind tunnel tests 

 

This prototype was built to test the effect of drag generated by the cage during cruise flight. The 

dimensions of this prototype were scaled down two times to fit the prototype into a small available 

wind tunnel. The prototype was used to perform the aerodynamic experiments in Chapter 3.  

When scaling down the cage, the biggest challenge appeared the manufacturing process of the 

flexible joints. Using FDM technology to 3D-print small and complex shapes of the joints did not 

give the expected results. To obtain accurate shapes and angles, the flexible joints had to be re-

designed to achieve simpler shapes, which required adjusting the lengths of the rods used in the 

cage.  

Payload: nd 

Time of hover: nd  

Mass (without battery and payload): 107 g 

Deployed dimensions: ∅33 x 20 cm  

Folded dimensions: 31 x 38 x 12 cm (W x L x H) 

Interface for the parcel: paper box (44g) 
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C.3 PackDrone v1.1 

Reinforced stiffness of the cage according to the calculation from Appendix A.  

 

The goal of this version of the prototype was to address two challenges: 

 Increase the capability of the cage to absorb energy from the parcel during free-fall to 

the ground 

 Increase the stiffness of the cage to prevent deformation of the cage with payload during 

dynamic changes of flight direction.  

As presented in Appendix A, to improve cage stiffness the long rods of the cage were replaced 

by tubes of larger diameter to increase the critical force under which the rods start to buckle. 

Replaced rods reinforced cage stiffness on the sides also to prevent deforming the cage during 

side collision. The previous locking mechanism required the user to position precisely the arms 

of the propulsion system before locking the bottom joint. Thus, the joint was redesigned using a 

slider that allowed the arms to self-align. Unfortunately, on folding, the bottom joint would block 

itself, which was unexpected for inexperienced users who might have broken it when using higher 

force. In this version, the batteries were placed below the drone to bring the position of the CG 

closer to the plane of the propellers. The batteries were secured with Velcro tape, which proved 

difficult for laypeople to secure them in the correct position. Moreover, the new PackDrone was 

equipped with an external on-board computer, Odroid used as an interface to connect a 4G modem 

and connect the drone to the SimplyFly software via the Internet, as this version PackDrone was 

equipped with a safety switch to disengage the propulsion system when the user opens the cage. 

To solve the problem of overheating in the previous version, new motors were installed after a 

series of extensive tests performed with temperature sensors on a test bench. This version was 

used for the test flights on the EPFL campus to deliver 3D-printed parts or PCB.  

Payload: 0.5 kg 

Time of hover: 10 minutes 

Weight w/o payload: 1950 g 

Deployed dimensions: ∅70 x 46 cm 

Folded dimensions: 38 x 37 x 14 cm (W x L x H) 

Interface for the parcel: paper box  



 

 

C.4 PackDrone v1.2 

A larger version for extended range and payload. 

 

The two main goals of this prototype were to: (i) increase payload and range of delivery by using 

bigger 12-inch propellers and a higher capacity battery, (ii) verify the usability of such a large 

platform.  Unfortunately, the scaled-up cage significantly increased the space between the rods 

that we attempted to fill in by attaching a denser grid to the rods. However, the attached grid 

entangled around other components of the drone and itself when folding and deploying the cage. 

Therefore, the cage was hard to operate, especially for inexperienced users. Due to these limita-

tions, the avionics were never installed on the drone. Thus, this platform has not been tested in 

flying.  

Payload: 1 kg 

Time of hover: nd  

Expected range: 4 km  

Weight w/o payload: (cage + 4 x motors + propellers): 1173g 

Deployed dimensions: ∅112 x 72 cm 

Folded dimensions: 54 x 58 x 12 cm 

Interface for the parcel: paper box  
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C.5 PackDrone v1.4 

Demonstration kit 

 

This version of PackDrone had a series of improvements. Compared to PackDrone version 1.1, 

the mass of this version was reduced by 300 g. This was achieved by: (i) replacing the four sepa-

rate ESCs with one 4-in-1 ESC, (ii) reducing the length of the power and signal cables coming 

from the motors and ESCs, (iii) replacing the big external computer Odroid with a smaller and 

lighter version, called RaspberryPi0. The reduction in mass allowed installing additional sensors: 

(i) a camera, installed to verify the recipient; (ii) a laser altitude sensor – Lidar v3 and for XY 

positioning PX4flow to increase precision during take-off and landing; (iii) a second GPS module. 

The first module connected to three satellite constellations to increase precision and time to re-

ceive “GPS fix”. The second GPS module is an RTK GPS to increase the drone’s navigation 

precision at take-off and landing by centimeters. All the electronics are placed under a lid that 

protects them in flight and transportation. A new joint was designed, composed of hinges that 

allows users to easily fold and deploy the drone without needing to lock the bottom joint. Due to 

the reduced weight, a larger battery was used. A new holder for the battery was designed that 

allows the battery to slide in to the specially prepared slot. The battery is secured from sliding out 

during flight by small neodymium magnets. The larger 9-inch propellers were used to decrease 

noise and increase efficiency.  

Payload: 0.5 kg 

Time of hover: 10 minutes 

Range: 2km 

Weight w/o payload: 1.6 kg 

Deployed dimensions: ∅70 x 46 cm 

Folded dimensions: 38 x 37 x 14 cm (W x L x H) 

Interface for the parcel: paper box 

  



 

 

D.6 PackDrone v2.0 

Extended range and enhaced safety of the propulsion system 

 

The first goal of this prototype was to increase the range of the drone by decreasing the 

size of the platform and decreasing the drag during fast cruise flight. 

To increase the range, smaller 6-inch propellers powered by a 4S 2 x 10Ah battery were 

used to achieve high speed of the platform, which theoretically should reach a range of 

4km. Two batteries placed inside the cage were encapsulated into the airfoil-shaped cas-

ing to decrease the drag force during high-speed flight.  

The battery case has a compartment for small-sized payloads. The bigger-sized payloads 

may be located just above the cage. Additional sensors for precise landing are located 

below the drone.  

Future work will require tests in wind tunnel to measure the drag generated by the cage, 

the influence of the propellers on each other and the airfoil-shaped battery casing when 

the drone flies at high-cruise speeds.  

The second goal was to increase safety in the case of a malfunction of one of the compo-

nents of the propulsion system. More details are presented in Appendix C. 

 
Payload: 0.5 kg 

Time of hover: x minutes  

Expected range: 4 km 

Weight without payload: 1.6 kg 

Battery capacity: 2 x 4S 10Ah 

Deployed dimensions: ∅60 x 39 cm 

Folded dimensions: 30 x 28 x 14 cm (W x L x H) 

Interface for the payload: container above the cage or inside the battery compartment 
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D.7 PackDrone v2.1 

Extended range and increased payload 

 

The goal of this version was to increase the payload and range of the platform compared 

to PackDrone v2.0. Use of bigger 9-inch propellers allows increasing lift, thus the pay-

load and using a battery with higher capacity. This version is still in the design process, 

but based on the initial calculations, it should allow transport of 1kg payloads over 4km 

or 0.5 kg payloads over 6km. The figure above presents a CAD design of the drone.  

 
Payload: 0.5-1 kg 

Theoretical time of hover: 23 minutes (0.5kg) or 19 minutes (1 kg).  

Expected range:  

    0.5kg payload – 6 km 

    1 kg – 4 km 

Weight without payload: 2.8 kg  

Battery capacity: 2 x 3S 10Ah 

Deployed dimensions: ∅70 x 46 cm 

Folded dimensions: 38 x 37 x 14 cm (W x L x H) 

Interface for the payload: container inside the battery holder or above the cage
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Appendix D Publications 
Manuscripts under review in peer-reviewed scientific journals: 

P. M. Kornatowski, M. Feroskhan, W. J. Stewart, and D. Floreano, “Morphing delivery drone 

for safe flight in proximity of humans”. Robotics and Automation Letters in review (2019). 

P. M. Kornatowski, M. Feroskhan, W. J. Stewart, and D. Floreano, “Downside Up: Rethinking 

parcel position for aerial delivery”. Robotics and Automation Letters in review (2019). 

Manuscripts published in peer-reviewed scientific journals and conferences: 

P. M. Kornatowski, A. Bhaskaran, G. M. Heitz, S. Mintchev, and D. Floreano, “Last-Centimeter 

Personal Drone Delivery: Field Deployment and User Interaction,” IEEE Robotics and Automa-

tion. Letters, 2018. 

P. M. Kornatowski, S. Mintchev, and D. Floreano, “An origami-inspired cargo drone,” in IEEE 

International Conference on Intelligent Robots and Systems, 2017. 

P. Bai, B. Guerreiro, R. Cunha, P. Kornatowski, D. Floreano, and C. Silvestre, “Wall-contact 

sliding control strategy for a 2D caged quadrotor,” in International Conference on Control, Au-

tomation and Systems, 2018. 

Other publications not related to the topic of the thesis:  

J. E. Auerbach, A. Concordel, P. M. Kornatowski, and D. Floreano, “Inquiry-Based Learning 

with RoboGen: An Open-Source Software and Hardware Platform for Robotics and Artificial 

Intelligence,” IEEE Transactions on Learning Technologies, 2018. 

J. E. Auerbach, G. Heitz, P. M. Kornatowski, and D. Floreano, “Rapid evolution of robot gaits,” 

in GECCO 2015 - Companion Publication of the 2015 Genetic and Evolutionary Computation 

Conference, 2015. 

J. Auerbach, D. Aydin, A. Maesani, P. Kornatowski and T. Cieslewski et al. „RoboGen: Robot 

Generation through Artificial Evolution,” Artificial Life 14: International Conference on the Syn-

thesis and Simulation of Living Systems, New York, NY, USA, July 30-August 2, 2014. 

Previous work - published publications not related to the topic of the thesis:  

A. Briod, P. Kornatowski, J. C. Zufferey, and D. Floreano, “A collision-resilient flying Robot,” 

J. F. Robot., 2014.  

A. Briod, P. M. Kornatowski, A. Klaptocz, A. Garnier and M. Pagnamenta et al. "Contact-based 

navigation for an autonomous flying robot". Proceedings of the IEEE International Conference 

on Intelligent Robots and Systems (IROS 2013), Tokyo, Japan, November 3-7, 2013. 

 

 



 

 

Patents: 

P. M. Kornatowski, and D. Floreano. “A morphing cargo drone for safe flight in proximity of 

humans,” patent pending, 2019. 

P. M. Kornatowski, Mir Feroskhan, and D. Floreano. “Downside Up: Rethinking parcel position 

for aerial delivery,” patent pending, 2019. 

P. Kornatowski, S. Mintchev, and D. Floreano, “Foldable aircraft with protective cage for trans-

portation and transportability, (US10252795, PCT/IB2017/052034).  

A. Briod, P. Kornatowski, A. Klaptocz, J.-C. Zufferey, and D. Floreano, A vertical take-off and 

landing aerial vehicle, (EP 13171364.6, 2013). 
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