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ABSTRACT
In recent years, drones have becomebeen widely used in many fields, including as well as in the military, where  one for which they were developed. Theirborn. The vertical flight capability makes these systems suitable for carrying out a variety ofvarious tasks. In this paper, we will analyze the delivery service they provide is analysed.. The delivery of goods quickly and to remotethings or necessities in a short time or in unreachable areas is a relevant application scenario; however, the. The systems proposed in the literature use electromagnets, which affect the duration of the flight. In addition, these devices are heavy and suffer from a high energypower consumption, which reduces and a heavy weight, thus reducing the maximum transportable payload. ThisIn this study proposeswe propose a new lightweight magnetic plate composed of permanent magnets, capable of collecting and positioning any object as long as it has a ferromagnetic surface on the top. This plate was developed for the Mohamed Bin Zayed International Robotics Challenge 2020, (MBZIRC), an international robotics competition for multi-robot systems. Challenge two of this competition2 required a drone capable of picking uptaking different types of bricks from the ground and assembling them to build a wall according to an assigned pattern. The bricks were of different colourshad colors, sizes and sizes, with weights ranging from 1 to 2 kg. In light of this, it was concluded that weight was the most relevant specification to consider infor the implementation of the drone design.
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Introduction
UAVs (Unmanned aerial vehicles or drones Aerial Vehicles) represent the future of many evolving sectors. Autonomous delivery is one of these, and this sectorlately it is increasingly developing rapidly thanks to the new platforms that allow the transportation of weights heavier than that of the platforms themselves. These vehicles are often used to transport goodsnecessities to areas that are difficultwhere it is not possible to reacharrive quickly using standardwith common means of transport. In order to make the entire delivery process autonomous, it is necessary to use coupling techniques to attachbetween the drone and the package to the drone.. In the literature, there are different techniques have been described, whichthat we will be analysedanalyze in detail in this paper. 	Comment by Proofed: Is this what you mean here? Please check. 
	Comment by Proofed: Is this what you mean here? Please check. 

The snap-fit method requiresimplies a high level of accuracy in positioning accuracy, as there are a number ofsome fixing pins thatwhich must be inserted perfectly intoinserted in the relevantrelative holes. Adhesion is an excellent solution for picking up and placing objects with metal parts. For this reason, electro-adhesion [1] and electromagnets [2]-[4] have been analysedwere analyzed, which represent a valid choice in terms of ease of coupling, but they require a high operating current to create a magnetic field. InThis in terms of energy consumption, this can cause a reduction in flight time. In this approach [3],] the use of an electro-permanent magnet reduces energy absorption since it requires a current only in the release phase. However, the typical shape and weight of these devices require the design of bulky housings that do not allow a plateus to be used that isobtain flat tool suitable for the intendedour purpose. For the present study, aThe plate was developed in accordance withfollowing the specifications of the ‘“Mohamed Bin Zayed International Robotics Challenge 2020’2020” (MBZIRC[footnoteRef:2]). One of the challenges in this competition was to createrequired a drone capable of lifting different types of bricks off the ground and arranging them to build a wall according to an assigned pattern. For this purpose, a magnetic plate was created using passive magnets inserted inside a 3D- printed structure. The release system washas been incorporated into the plate and consistedconsists of several levers operated by a single servo control. This setup allows the detachment of ferromagnetic objects without high energy consumption and requires a power supply only in the release phase, in order to activate the servomotor. Furthermore, thanks to its design, the developed gripper allows the operatorshas allowed us to optimise theoptimize weight and energy consumption, while still guaranteeing a lifting capacity exceeding 2 kg.	Comment by Proofed: UK and Australian English prefer the use of 'single quotation marks' (or 'inverted commas') for quotes, reserving "double quotation marks" for a quote within a quote. 

Click here for more information on using quotation marks.
	Comment by Proofed: I have made some changes here for clarity. Please check that this reflects your intended meaning. 
 [2:  Website: https://www.mbzirc.com/. ] 

Mechanical Design
[image: ]
Figure 2. Structure with reinforcement beams, release levers and magnets (in green)..
TheOur prototype in this study hadhas a flat profile and anthe attractive force comparable to a commercial device, despite its lightness. The supporting structure was built withusing rapid prototyping techniques using . The printer adopted is the ZortraxZortax M200 printer, which is, a model equipped with an extruder with a 0.4 mm nozzle and a layer resolution of 90– – 390 microns. OfAmong the materials available, ULTRAT was selectedchosen for this project, a particular blend of Zortrax filaments created to enhance the properties of acrylonitrile butadiene styreneABS in terms of durability.	Comment by Proofed: Should this be 'Z-ULTRAT'? Please check. 
	Comment by Proofed: I have used the full terminology here because this abbreviation isn’t used again in this paper. However, if the readers are likely to understand what ‘ABS’ is, you may consider using just the abbreviation. 

The entire printing process tooktakes about 20 hours,; to whichthese 30 minutes weremust be added to integrate the servomotorservo motor and the other mechanical parts (such as pins, ball bearings, and screws). The considerable difference between printing and assembly times prompted a searchhas pushed us to look for a solution to speedfor speeding up the printing process. ItTherefore, it was therefore decided to divide the prototype into several smaller components. Although this solution increasedincreases the overall printing time, by about 25 % (due to the increased number of prints and, hence, of printer initialisationsinitializations), each component part hadhas a printing time ranging from 30 to 120 minutes.
[bookmark: _Hlk61555512][image: ]	Comment by Proofed: In this figure, there should be a space between the number and the SI unit, i.e. '111.21 mm', '1 mm' and '54 mm'. Please make this change, if possible. 

[bookmark: _Ref316057347]Figure 3. Cross- section view.
The Moreover, the resulting modular structure of the prototype made it quick to repair. Asmakes it repairable in a short time. In fact, as we will be explainedsee later, the bottom part of the plate wasis the area that waswhich is exposed the most to wear, as it wasis in contact with the ground and the ferrous coupling surfaces.
The dimensions of the realisedrealized prototype fulfilledfulfill the specific requirements of the MBZIRC 2020 competition, wherein which the magnetic plate was tested. The setup used for the competition hadhas a length of 15 cm, a width of 10 cm, a height of 5 cm and weighedweights 195 ggr. However, the modularity of the prototype made it possible to reduce the contact surface can be reduced to 9 × ×9 cm so that it wasto be suitable for smaller drones while still maintaining the same supporting structure, thanks to the modularity of the prototype.
[bookmark: _Hlk61555703][image: ]
Figure 1. Mechanical dovetail interlocking in the shape of a dovetail.
The plate consistedis made up of four pieces, two for each of the two layers that composedcompose it. The first layer wasis 0.6 cm high and consistedconsists of joining the two smaller pieces that were connected with a dovetail joint (Figure 1). During the design phase, a set of beams was designed with a two-fold purposeresult: 1) increasing the rigidity to compensate for the thinness and 2) creating the slots in which to insert the magnets and the supports for the release levers (Figure 2). Two commercial magnets were tested with the same width (10 mm) and length (20 mm)), but different heights (2 and 5 mm)), and, hence, different attraction forces (Table 1). 
The choice toof not useusing adhesives to fix the magnets led toimplied the need forto add a further external covering layer at the bottom, making the external surface smooth and allowing for , thus favoring the sliding on the surface. The  to be gripped. Here are placed the magnets were fixedthat are firmly to this surface by inserting them into customisedinserted in customized housings that preventedprevent them from coming out once the object to be lifted had beenis hooked (Figure 3).
The release system wasis operated by a servomotor located in a central position in order to guarantee the centringcentering of the weightmasses. An MG995 commercial servomotor wasservo motor has been used, capable of developing a torque of 10 kg/cm (6 V) on the shaft required to operate the cascade of L-shaped levers, located along the length of the plate, to move and push the object away from the magnets. The increase in distance producedproduces a decrease in the force of attraction, and the object released wasis supported by the force of gravity force.
The proposed solution exploitedexploits neodymium magnets because of their strong magnetic forcehigh attractiveness, especially in relation towith ferrous surfaces. The operating principle wasis based on the force of attraction, which follows the equation reported below:	Comment by Proofed: Is this what you mean here? Please check. 

	
	(1)


where F is the force in N, A is the surface area of the magneticmagnet pole in m2, B is the magnetic flux density in Tesla and  is the permeability of air. 
The second law of dynamics defines the force of gravity proportional to the mass m, therefore F = mg. From this it follows that the lifting mass m is given by:
	
	(2)


Another relevant factor for this approach is the speed of grip and release. During the development of the drone, there was a focusdeveloping we focused on the coupling speed because,since during the approach phase, the drone had to fly over an object placed on the ground and lift it up. DuringFrom the preliminary tests, two issues were performed, we observed whentwo side effects of flying close to the ground: 1) the displacement of the object and 2) the instability of the drone. Both issues werecan be ascribed to the rotors’ downwash [5], which is the air flow generated by the propulsion system. In the first case, the object to be grabbed moved when the drone flew a few centimetrescentimeters above it, so it was necessary for the drone to ascendclimb up and repeat the grabbing procedure again. This repositioning, in view of the challenge, increasedimplies an increase in the time required to complete the task. Furthermore, the instability caused by the turbulence of the propulsion system interferedcauses difficulty with the final manoeuvres neededlast maneuvers necessary for the proper positioning of the object. The use of an electromagnet would have introduced a further delay due to the need to maintainof maintaining the position of the objectduring activation near the ferrous surface during activation.. Driven by the need to reduce such operating times, the choice of using permanent magnets, whichthat are constantly ‘active’, also“active”, allowed for a reduction in us to reduce this additional latency as well. During the release phase, this problem did not arise, and it was possible to drop the object even at a short distance from the ground. 	Comment by Proofed: I have made some changes here for clarity, but please check that I have retained your intended meaning.

[bookmark: _Ref20313325]Table 1. Overview of the properties of the magnets used.
	Property
	Magnet 1
	Magnet 2

	Material
	NdFeB
	NdFeB

	Weight
	3.,04 g
	7.,6 g

	Shape
	Parallelepiped
	Parallelepiped

	Dimensions
	20 x 10 x 2 mm
	20 x 10 x 5 mm

	Surface of the poles
	20 x 10 mm
	20 x 10 mm

	Coating
	Nickel -plated
	Nickel -plated

	MagnetisationMagnetization
	N45
	N45

	Force of attraction
	about 2.,1 kg
	about 3.,8 kg


[bookmark: _Hlk61562204][image: ]	Comment by Proofed: In this figure, there should be a space on either side '×', i.e. '30 × 20 × 20 cm'. Please make this change, if possible.

Figure 5. Types of bricks according to the challenge rules.
Another relevant aspect that required a specific investigation, was the coupling system between the drone and the magnetic plate. Two approaches were tested,: one consisting of a sliding prismatic-like joint with a cardan system near the plate, and a damped system, which was the final solution adopted. In the first approach, shown in Figure 4, the variable length of the sliding joint allowed the drone to pick up objects up to 50 cm below its flight altitude. However, the considerable variation inof the centrecenter of mass once the object was gripped, caused oscillations that increased energy consumption, asdue to the autopilot had to continuously correctcorrecting the vehicle’s position. Thevehicle pose. On the other hand, the final proposed solution consistedconsists of four cables tensioned by as many springs, thus dampening the mechanical shocks and vibrations on the pack due to oscillations during transportation.transport. Furthermore, the cables allowed the plate to be attracted to the metal sheet present on the object, assince the plate could move freely move (within a range of ± 5 cm) along the vertical axis and in the horizontal plane (within ± 3 cm).	Comment by Proofed: I'm not sure what is meant here. Is this referring to the object being carried? If so, I suggest just using ‘object’. Please clarify. 

Experiments
The DJI F550 hexacopter was chosen for the final setup, which offeredoffers a good compromise in terms of maximum payload and limited downwash effect. In fact, the adoption of thisthe same gripping solution with a larger drone (DJI S900) was abandoned because the excessive downwash produced by the rotors tended to pushmove away the bricks below. 
[bookmark: _Hlk61558703][image: ]
[bookmark: _Ref316054575]Figure 4. Approach with sliding prismatic-like joint with a cardan system near the plate.
The magnets chosen for the final implementation of the plate wereare the 5 mm ones with a declared attraction force of approximately 3.8 kg for each single magnet, as shown in Table 1. The nominal value of the force of attraction is confirmed if the object is made of iron. For steel or other alloys, this value can be reduced by more than 30 %. Often, this given value decreases due to the coating or surface irregularities of the magnets. Another factor is the thickness of the metal surface to be lifted, which must not be too thin, or otherwise the force of attraction cannot beis not fully exploited. However, in this study, the presence of the ULTRAT air gap between the magnet and the ferrous surface to be lifted led to a considerable deterioration inhas considerably deteriorated the attraction force, which decreaseddecreases very rapidly with increasing distance. Ten magnets of the above model were inserted into the plate, as shown in Figure 2, with alternating orientation inof the magnetic field. ConductingCarrying out the tensile test with the aid of a digital dynamometer, it was necessary to apply a force of 4.9 kg to detach the plate from thea thick ferrous surface (0.5 cm). Given the above considerations and the degradation in theof attraction obtained for each individual magnet, thisthe force wasis still well within the acceptable limitsbounds. The usechoice of using passive magnets ensured a strong grip without any detachments during the transport phases, despite the thin separation layer between the ferromagnetic surface and the magnets.
The final configuration was tested with copies of bricks, as per the challenge rules, with different weights of up to 2.0 kg and with thinnertop ferromagnetic surfaces thinner (0.1–-0.2 cm) on top compared with thoserespect to the surface used for the preliminary tensile test. During these tests, it was possiblewe were able to lift the differentall types of bricks, but the orange bricks, shown in Figure 5, could not be lifted becausesince the ferromagnetic surface was not thick enough to ensure a firm grip. However, since these bricks were 1.80- m long, it mightcould not be possible to lift them with just one drone anyway, and therefore it was decidedwe did not tofurther address this issue.
The release occurs by activating the servomotor, which produces an increase in the air gap (Figure 3) between the 
[image: ][image: ][image: ][image: ]
[bookmark: _Ref312314329]Figure 7. The A few moments during the release phase, in which it is possible to see how the plate, thanks to the proposed solution we propose, returns to its original position immediately after release without compromising the altitudeattitude of the drone.	Comment by Proofed: 'Stabilises' might be better here.
	Comment by Proofed: Is this what you mean here? Please check. 


magnets and the metal surface of the gripped object. The detachment occurs naturally due to the contribution of gravity, so a small servo can detach objects inof the order of 1–-2 kg. This meansimplies that as the weight of the object decreases, it is necessary to increase the air gap produced by the movement of the levers. A short release sequence is shown in Figure 7. 
This magnetic plate iswas presented in [6],] and in the current versionimplementation it has been improved with the integration of a sheet of magnetic shield material. This is an alloy with good magnetic permeability that allows the shielding of magnetic fields. ThisThe solution allowsallowed us to shield the upper part of the plate to be shielded, thus avoiding anycreating interference with the autopilot and other systemsystems components.
The system we proposed system, as shown in Figure 6, allowsallowed us to carry out excellent pick- and- place missions to be conducted.. Furthermore, the decision notchoice to useavoid electromagnets avoids the intermittent generation ofallowed us not to intermittently generate magnetic fields, which that could negatively influence the behaviourbehavior of the autopilot and reduceas well as reducing flight times as a result of thedue to power consumption during the gripping phase.
The final assembly with the damping system with cables and springs, guarantees a firm grip between the brick and the magnetic plate, dampening the vibrations caused by transportation.due to transport. The tension springs chosen for this project can increase the extension length by 5 cm;, so as soon as the plate is within a range of 5 cm, it is attracted to the ferrous surface and stretches, leading to favoring automatic coupling. WhenOnly when the springs end their excursion, the drone is able to lift the brick gradually without introducing any sudden instability. 	Comment by Proofed: The meaning here isn't clear. Do you mean 'are fully extended'? Please check and clarify. 

the drone can lift the brick gradually without introducing sharp instabilities.
[image: ]
Figure 6. Final assembly with the damping system andwith cable tensioner.
The testsTests performed on the gripper, during the challenge, showed that it was able to grab, transport and place a large number of many bricks during the time allowed forduration of the trials.
Conclusions
 In this article, we have presented a drone equipped with a pick- and- place system for objects with ferrous surfaces has been presented, and. We evaluated the different approaches used to carry out the delivery service using drones have been evaluated. Based on. From this analysis, it was decided to proceed using the technique of passive permanent magnets, in order to eliminate the power consumption during the transport phase. This technique has been combined with a custom design in order to obtain a flat profile and to guarantee the lightness of the prototype as a resultalso thanks to the use of using 3D printing. From what we have found in the literature, it appears that this model represents the most compact passive magnetic gripping system developed.
In the future,We plan to develop a lighter and flexible version of the prototype, capable of lifting objects with limited curved faces, will be developed.. Moreover, as the current vision system for brickbricks detection is placed under an arm, but the field of view is partially hidden by the plate. Therefore, as a future development, the camera will be integrated intoon the plate in order to improve visualisationthe point of view and ensure alignment up to a few cm from the object to be grasped. In addition, distance sensors will be installed to constantly monitor the distance during the gripping phase.
Based onFrom the positivegood results during the Challenge held in Abu Dhabi and from MBZIRC and the latest improvements, it is clearimprovement we are confident that this droneit can be employed in the field in case of emergency to carry out the transport goodsof necessities in dangerous or remotedifficult to reach areas.
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