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Executive Summary

Over the past couple of years, interests in drone applications have drastically increased. In the

past ten weeks, we have designed an aerial robot that could solve a common delivery problem:

allowing secure deliveries while maintaining convenience. Our idea allows for secure deliveries to

be made to personal lock-boxes.

To successfully complete this mission, our aircraft is capable of flying up to 83 km at a cruise

velocity of 12 m/s and can easily take-off or land within the width of a driveway. Vertical takeoff and landing are accomplished through two rotors, and cruise flight is accomplished once the

entire body tilts forward from the hover/take-off position. Attached to the bottom of the wings,

the package bay has a latched door that opens and closes when the drone hovers over the target

lock-box.

Furthermore, to test our concept, we created a scaled delivery demo, using a quadcopter, outfitted with a scaled duron delivery mechanism. We created a scaled down mission, in which our

robot flew around Lake Lagunita, until it reached the "drop box" location, which was a proof-ofconcept. After dropping off the package at a designated area that represented the lock-box, the

robot would regain altitude and return to its original destination. Success of this mission made us

hopeful for the possibilities for our product in the future.



Figure 1: Overview of drone



Figure 2: Front view of drone



Figure 3: Bottom view of drone
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1

1.1



Mission

Mission Ideation



The ideation of our mission relied heavily on the philosophy of design thinking, which introduces

the emotional component of the customer resulting in iterative, empathetic design. We began by

interviewing each other to identify some commonalities between our favorite delivery experiences.

Whether it was food, medicine, textbooks, or letters, some common elements quickly arose that

highlighted certain deliveries as memorable–namely, convenience, access, and security. We decided

to focus on security as the underlying driver for our problem statement, since worrying about an

important package was an experience we could all relate to at some point. Our problem statement

can be summarized as using an aerial robot to solve the “last mile problem” between delivering a

package from a distribution center to the user without compromising security.

Brainstorming ideas for secure deliveries via aerial robot led us to the idea of using drones to

deliver valuable packages into personal lock-boxes. The lock-box concept struck the best balance

between convenience, access, and security while maintaining viability for our project. The mission

of our drone is to deliver a package from a distribution center to the recipient’s personal lock-box

outside their home; the package can then be safely retrieved by the user at a time that is convenient

to them.



1.2



Delivery Case Study



The following case study demonstrates the mission viability in a real-world scenario. Let’s say you

have a valuable and important package that you ordered. Since you live off-campus in a house

and you don’t want the package to be left out in the open while you are away, you order it to the

Stanford Package Center in Tresidder Union. A drone would then be dispatched from the package

center to your house, where it would deposit the package into a secure lock-box until you can

retrieve it. The drone then flies back to the package center. Figure 4 shows the flight path for the

drone as it transits from the package center to your house (125 Sheridan Way Woodside, CA). The

distance covered is just over 8 miles round-trip, which is typical given the distribution of package

centers in suburban areas. Figures 5a and 5b show Google Street View imagery of the actual takeoff and landing locations. Package centers usually have a dedicated building and parking lot to

launch from, while houses in suburban areas have driveways and wide roads to accommodate traffic.

The case study provides a foundation for developing mission constraints, vehicle requirements, and

delivery mechanism requirements which will be addressed in the following sections.



Figure 4: Example flight path
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(a) Case study with drop-off location



(b) Case study with pick-up location



Figure 5: Case study example



1.3



Mission Motivation



The motivation for our mission primarily stems from the current lack of good solutions to the

security problem. If you live in the suburbs, you are limited to a few options for secure package

delivery, none of which are very effective. You could sign for a package requiring you to be home

when the delivery arrives (lack of convenience); you could physically drive to a package center and

sign for it there requiring extra time on your part (lack of access); or you could just have the

package delivered to your doorstep and hope no one steals it while you are away (lack of security).

With our aerial robot delivery concept, you can retrieve your package at your convenience whenever

you want with peace of mind that it is safe from theft or loss for the entirety of its journey.



2

2.1



Systems Engineering

Project Objective Statement



To prototype a novel low cost delivery mechanism via an aerial robot to be done by four students

in six weeks time.



2.2



Mission Needs statement



Fly to a commanded location with a payload and slow to a hover in order to release payload via a

motorized latch into a "secure" lock-box.
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2.3



Functional Flow Diagram



Figure 6: Functional flow diagram
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2.4



Functional Breakdown Structure



Figure 7: Functional breakdown structure
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2.5



Requirements Discovery Tree



Figure 8: Requirements discovery tree
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2.6



Work Flow Diagram



Figure 9: Work flow diagram
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2.7



Work Breakdown Structure



Figure 10: Work breakdown structure
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2.8



Gantt Chart



For organizational purposes, our team used a Gantt Chart which we followed with the help of the

online service www.teamgantt.com. See Figure 11.



Figure 11: Team 7’s Gantt Chart



2.9

2.9.1



Hazard Analysis Writeup

Part A



Flying our quadcopter primarily poses two different categories of hazards: fire and moving parts.

The fire danger is due to the Li-Po battery which can catch fire if improperly stored or punctured

on impact. The moving parts hazard comes from the propellers which spin at very high RPMs.

Contact with the propellers can cause severe lacerations to bystanders and drone pilots alike. A

third hazard also exists in the form of falling objects, since the drone can undergo a sudden loss

of thrust and fall out of the sky, potentially injuring people below. To properly deal with these

hazards, everyone on our team took safety training and only the pilot (Zavier) was allowed to fly.

The PPE required was safety goggles, long sleeves and pants, close-toed shoes, and a reflective vest

to identify the pilot.
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2.9.2



Part B



Figure 12: SHARP procedure

2.9.3



Part C



Figure 13: What if analysis



Figure 14: Risk analysis
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2.9.4



Part D



Prior to conducting our final outdoor demo, we ran three trial runs to test different parts of the

process. The first was a waypoint flight at Coyote Hill to test our drone’s autonomous navigation

capabilities and general airworthiness. The second was a standalone test of our delivery mechanism.

The third was an indoor flight where the drone took off, dropped its payload from the integrated

delivery mechanism, and landed. In all three of these tests, our experimental design proved to be

very successful as there were no outstanding issues during any of the dry runs.

2.9.5



Part E



Our final experiment was an outdoor demonstration conducted at Lake Lagunita. The aerial robot

was tasked with taking off, autonomously flying to several waypoints, circling back to a commanded

location, dropping a payload, and landing. Over the course of several runs, we encountered several

issues that had not manifested previously.

One was that the drone did not properly follow the waypoints, veering far above the commanded

altitude and way off course. The reason for this was due to the drone erroneously connecting to

other teams’ transmitters and tracking their waypoints instead of ours. However, in each instance,

our SHARP plan worked well as the pilot switched to manual mode, recovered control of the

drone, and landed it without incident. The lesson here is that only the team that is flying should

be transmitting; all other teams should power off their drones, power off their transmitters, and

disconnect telemetry to prevent interference.

A second unexpected incident was that when landing the drone, there was a delay between the

pilot throttling down on the controls and the propellers actually spinning down. This created a

potentially dangerous situation where the drone briefly does not respond to manual control before

powering down. The cause for this was not identified, but a good safety practice would be to land

the drone far away from bystanders so the continually spinning propellers do not injure anyone.
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Configuration



A total of four configuration designs resulted from the midterm results. The robot design was

limited by the following constraints:

• Maximum wingspan of 2.5m in order to fit on a typical driveway

• Payload of 1.25 kg up to 2.2 kg

• Package housing to fit 9.5" x 11" with variable thickness up to 1/4"

• Operate at 350 ft to avoid obstacles

• Cruise speed above 10 m/s

This section discusses the four considered designs for the final configuration.



3.1



Design 1: Jess



Design 1 is inspired by Wingtra, and is a flying wing with two propellers. In addition, there are two

actuated ailerons to help control the device. The benefit of the design is its simplicity. However,

the trade off is that, due to the tilt body configuration, the robot has to rotate by 90◦ when

changing between hover and forward flight mode. Controlling this process has the possibility of

being difficult. In addition, the delivery mechanism and package bay are contained in a 9.5" x 15"

x 1" box that is rigidly attached to the robot. In future iterations, the package bay could likely be

integrated into the wing itself to reduce drag further. A scaled representation of my modeled can

be seen in Figure 15.
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Figure 15: Foam Prototype of Design 1



3.2



Design 2: Michelle



This design is a flying wing, where the body and wing are integrated to reduce drag from a fuselage.

Vertical stabilizers are implemented with this design in order to reduce the controls complexity

of a flying wing. Since our delivery missions are to be packaged in a flat envelope, it can be

attached or integrated into the wings to prevent it from interfering with the overall aerodynamics.

Additionally, two of the four rotors are placed at a distance from the center and the remaining two

sit at the tips of the wings. By distancing the two mid-span rotors, the area where the package

can be attached can be maximized. The relevant parameters from this design are summarized in

Table 1.



Figure 16: Foam Prototype of Design 2
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3.3



Design 3: Zavier



The design will apply four rotors around the fuselage, each spaced by 1.5 the propeller’s diameter.

The main point of the design is to integrate the package room into the fuselage to save space as

well as reduce form drag in order for longer sustainability. Rudder, ailerons and flaps are needed

in this case to help the drone stabilize during cruise flight. A tail was added to the drone also to

help stabilize it. A small fin on top of the tail was implemented to rectify the wind perturbations

as well as to serve as a landing mechanism.The battery will be installed in the front of the main

body to set the center of gravity to the proper position.



Figure 17: Foam Prototype of Design 3



3.4



Design 4: Sandeep



This design will be a tilt-body robot similar to the VertiKUL but with a six-rotor configuration.

The internal payload bay will carry the delivery package (an envelope) flat in level flight and

upright in hover mode, with the package lying in the plane of the wing. This integrates well with

a delivery mechanism, as the robot can simply release the package when in hover mode, and have

it fall out through the back into a secure lock-box. Other security and robustness constraints laid

out by our team are also met by this design. The internal payload bay ensures that the package

will be stable in the presence of wind gusts or other disturbances. It also assures security from

pickup to drop-off. Lastly, the six-rotor configuration adds some redundancy and robustness, since

if one or more propellers fail, the drone can correct itself to continue flying or at least land safely.
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Figure 18: Foam Prototype of Design 4



3.5



Comparison and Selection of Configurations



Table 1 summarizes some of the performance specifications of the various configurations.

Table 1: Configuration Specifications

Parameter

Cruise speed [m/s]

Payload [kg]

Wingspan [m]

AR

nProps

Taper ratio

Total mass [kg]

Battery mass [kg]

Glide ratio

Flight time [hr]

Range [km]



Jess’s design

12

0.6

2.5

5.5

2

0.2

5.2

3.04

8.76

1.94

83



Michelle’s design

14

1.5

2.25

8

4

1

7.43

3.13

8.2

1.23

56.55



Zavier’s design

15

2.2

2.2

9.6

4

1

14

4.4

10.3

1.6

73



Sandeep’s design

16.5

2.2

2.4

7.8

6

1

28.8

11.8

34.26

0.95

56.6



Since our mission focuses on secure delivery, the primary parameter we wanted to maximize was

the range. Design number 1 (Jess’s design) had the largest range, but carries the smallest payload

and requires a large wingspan. Michelle’s design had a lower range, but has a faster cruise speed

as well as a smaller payload to total mass ratio. Zavier’s design carries a much heavier payload

and is still capable of flying a large range of 73 km. The trade-off seems to come from the larger

total mass. Finally, Sandeep’s design uses six rotors, which allowed his design to have a much

faster cruise speed. Again, however, his design required a much larger overall weight. Using these

specifications, our final design was decided using the trade-off chart shown in Table 2. The most

important parameters to our design were the aerodynamic considerations, the complexity of the

design, the range, the weight to payload ratio, and the ease of a delivery mechanism integration.

Each of these criterion were weighted to reflect on its importance to our mission.
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Weight

Design 1:

Design 2:

Design 3:

Design 4:



Jess

Michelle

Zavier

Sandeep



Aerodynamics



Complexity



Range



0.15

2

3

4

4



0.25

3

3

3

2



0.3

4

2

3

3



Weight-toPayload

Ratio

0.1

3

4

2

1



Delivery

Mechanism

Integration

0.2

2

3

2

4



Total



1

2.95

2.80

2.85

2.90



Table 2: Delivery Mechanism Trade off Chart



This trade-off table aided in choosing our final configuration, which was Jess’s flying wing design.



3.6



Final Design Specifications



During the sizing process, we looked at those predetermined specifications we laid out as a team,

as well as the geometry related design constraints to size our aerial robot (see Figure 19).



Figure 19: Design 1 and Specifications

To model this final design configuration, we had to make a few changes to the original Matlab

code. First, we modeled the robot body as just the payload box and delivery mechanism with
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dimensions 0.381m x 0.2413m x 0.0254m. Second, we changed the number of propellers to 2 and

altered the propeller diameter check to be Dprop &lt; 0.9b based off the geometry seen in Figure 19.

Lastly, we changed the range_calculation_2 function to include the propeller diameter and the

taper ratio for optimization purposes.

Ultimately, using the above framework, we hoped to optimize for robot range. This led us to

choose Design 1, but with the alteration of housing the package bay inside the wing. This configuration is a tilt-body flying wing, with two propellers, and two actuated ailerons for control. It

has a wingspan of 2.5m, an AR of 5.5m and and taper ratio of 0.2. This design has an optimized

cruise speed of 12 m/s and can fly 83 km carrying a 0.6 kg package. For additional specifications,

see Table 1.
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Wing Design



The wing configuration was modeled after the Design 1 from Section 3. Since the design was a

flying wing, we chose a reflex airfoil that performs well for low Reynolds numbers–the S5010. The

final design is simulated in XFLR5 and shown in Figure 20.



Figure 20: XFLR5 simulation of flying wing configuration with CL of 0.57

The polar plots of this design are shown in Figure 21.The pitching moment has a negative gradient

plotted against the angle of attack. Such a behavior is desirable to achieve longitudinal stability.
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Figure 21: XFLR5 polar plots of flying wing configuration

The stability was primarily achieved by varying the twist throughout the wing as well as fine tuning

the mass distribution on the wing. At the root of the wings, a larger twist angle was set so that

higher lift coefficients were obtainable at lower angles of attack. Conversely, the tip of the wings

had a negative twist angle so that tip stall could be prevented. The mass distribution also aided in

the stability of this configuration since shifting the locations of the point masses would essentially

shift the center of gravity. For longitudinal stability, the center of gravity was placed in front of

the neutral point. The static margin is defined by the following equation:

SM (%) =



xN P −xCG

M AC



where SM is the static margin, xN P is x location of the neutral point, xCG is the x location of the

center of gravity, and MAC is the mean aerodynamic chord. Noting that the MAC and xN P are

output by XFLR5 based on geometry, the xCG can be solved for by using a set static margin of

approximately 3%.

While lateral stability was not studied in great detail, it is generally known that flying wings

require more complex controls for active stability. To mitigate the complex controls, winglets or

vertical stabilizers can be incorporated to improve on the passive stability. Since our configuration

was largely inspired by the Wingtra design, we opted out of the winglets and vertical stabilizers.

By exporting these wing polars into the configuration sizing code, there were some changes to

the output values. Overall, the range and lift coefficient decreased to 69.4 km and 0.485, respectively. These changes were expected since the original code was modifying the parameters of a 2D

airfoil. In general, a 3D wing design will not achieve as high of a lift coefficient as that of the 2D

design. In addition, the original code uses the airfoil NACA23012 to model the wings; however, in

our 3D design, we use the S5010 airfoil in order to gain stability for a flying wing configuration.

When updating just the airfoil into the code, we see an increase in the range up to 87.94 km with

a lift coefficient of 0.5785. The corresponding glide ratio for use of this airfoil is 9.14. Ultimately,

these discrepancies outline the effects of going from a 2D design to a 3D design as well as the

importance of airfoil selection.
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5



Delivery Mechanism Design



The following sections discusses the prototyping and design phase of a delivery mechanism that

could best be integrated to our tilt-body aircraft.



5.1



Design 1: Magnets



The first prototype involved attaching the package to our aerial robot via a magnet as shown in

Figure 22a. Then when the robot is at the lock-box, the servo arm would rotate by 90◦ , hence

pushing the package away from the robot body and releasing the package (see Figure 22b).



(a) Package Attached via magnet



(b) Servo Releases Package



Figure 22: Magnet Prototype



5.2



Design 2: Pulley System



Our second prototype was a pulley mechanism. The package would be placed in a cargo bay

attached to the drone (Figure 23a). Then, when the drone reached the drop-box, a motor attached

via a pulley system would lower the platform containing the package as in Figure 23b. Lastly, we

would need one servo so that once the platform was lowered to the drop-box, the servo could tilt

the platform, and slide the package into the drop box (see Figure 23c).



(a) Package Attached to Drone



(b) Pulley Lowers Package



(c) Servo Tilts Platform



Figure 23: Pulley Prototype



5.3



Design 3: Latched Door



Our third design was a simple latch door mechanism. The package would be contained safely in an

enclosed package bay as in Figure 24a. Then, when the drone reached its desired drop off location,

the latched door would open, dropping the package out as in Figure 24b.
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(a) Package Contained in Package Bay



(b) Latched door opens, releasing package



Figure 24: Latched Door Prototype



5.4



Design 4: Open Back



Our final design, was a very simple open back package bay to be integrated directly onto the drone.

The package would be housed in the bay during flight (see Figure 25a). Then to drop the package

off, the robot would rotate by 90◦ , hence dropping the package out of the open back, as in Figure

25b. Also note, a steep ramp would be on the open back side of the package bay so that robot

rotations of less than 90◦ would not cause the package to fall out.



(a) Package Contained in Package Bay



(b) Latched door opens, releasing package



Figure 25: Open Back Prototype



5.5



Trade off Chart



Based on our four delivery mechanism prototypes, we created a trade off chart to choose our design.

Each design could be ranked from 1 to 4 on a variety of categories, with 4 being the best, and

1 being the worst. Complexity and cost were weighted the most. First and foremost we wanted

to focus on a delivery device that was both feasible to create and cost-effective for the consumer.

Additionally, we thought reliability, adaptability to other missions, and power consumption were

areas we cared about. Going off these criteria, we made the trade off chart as seen in Table 3.

Based off our trade off chart, we decided to move forward with the latched door design, as it

received the highest rankings, as shown in red.



Weight

Magnet

Pulley

Latched Door

Open Back



Cost



Complexity



Reliability



0.3

2

3

3

4



0.35

4

4

4

2



0.1

3

2

2

2



Adaptability

to Missions

0.15

2

3

4

4



Table 3: Delivery Mechanism Trade off Chart
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Power



Total



0.1

4

2

3

1



1

3.1

3.1

3.35

2.65



5.6



Detailed design of Deliver Mechanism



The delivery mechanism is made by two servos running separately. One is used to control the

closing and opening of the package door. The second one is to control a latch that holds the weight

passively.



Figure 26: Package bay is controlled by two servos separately

The door controlling servo is positioned at the axis of the door hinge and the latch controlling

servo is located at the other end of the door to connect the latch bar by a bevel gear system. The

bevel gear system helps amplify the force and to change the direction of the servo to save space.

When the drone is cruising with a package, the door controlling servo will remain released, letting

the door lay on the latch bar. When the drone receives a command to release the package, a signal

will first arrive at the latch controlling servo, which turns the latch bar and frees the door. Due

to gravity and the slope inside of the bay, the package falls out the package door and drops. Afterwards, the door controlling servo works to push the door back up and holds for several seconds

until the latch controlling servo moves the latch back to its position. Then the former one will relax.

We implemented two servos so that the servo would not be controlled at all times, which saves

energy and elongates the life of the servo.



5.7



Demo Version



In order to realize our idea, we used some accessible materials and a quad-copter to prototype.

The overview of the final prototype is shown in Figure 27.
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Figure 27: The overview of our prototype



Figure 28: Closer view of the delivery mechanism of our prototype

The delivery mechanism was built under the quad-copter and connected by zip-ties and glue. The

main body was constructed from Duron. The controlling bar and latch bar were operated by
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two different servos located at each side of the box. The servo was connected to the pix-racer

to channel 5 and channel 6 which were programmed into simple stick operations on the remote

controller. This setup allows for the whole delivery process to be done manually by the pilot

during the demo. In addition, four 3D printed landing feet were attached to prevent the delivery

mechanism from touching the ground.



6



Demo



We implemented a test case to demonstrate that our scaled delivery mechanism could perform its

mission. We chose to conduct our demo mission around Lake Lag. We chose three waypoints the

drone would have to autonomously fly to. Additionally we outlined a demo "drop-box" out of

black duct tape (see Figure 30). After our robot released the package to the drop-box, it was to

return to its original home location and land.

We did the demo around Lake Lagunita and let the drone fly along the waypoints in Mission

Planner.



Figure 29: Preset waypoints

We formed a square with black tape on the ground to designate as the home spot and a delivery

"lock-box".
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Figure 30: The drone is placed on the home spot and the black tape around it forms a "lock box"

When the drone takes off manually, the pilot sets it to auto flying mode, in which case the drone

will follow the preset waypoint path.



Figure 31: The drone is cruising along a preset pattern and will come back to the home spot to

make the delivery

When the drone reaches the "lock box" spot, it stops and hovers. This process was manually done

by the pilot. When the desired height was properly achieved, the drone releases the package via

the preset joy stick operations on the remote controller.
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Figure 32: The drone is hovering and making the delivery

Finally, the drone lands on the set location.



Figure 33: The drone lands

The demo shows how the drone takes off with the package, cruises to the preset destination,

hovers, completes the target delivery and safely returns back. The whole process demonstrates the

controllability and viability of our design.



7



Final Design



The final hybrid airplane configuration is as follows.
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Figure 34: Overview of drone



Figure 35: Critical measurements

The propeller has a size of 0.4 meters in diameter, spaced by 0.76 meters. The battery weighs 2.76

kg and is positioned in the front of the fuselage. The weight of the whole airplane is estimated to

be about 5.4 kg.



8



Future Directions



Both our mission and our robot demonstrate a high level of feasibility as shown by our prototypes

and demos. The concept of a drone making secure deliveries into a lock-box is sound. However,

our demo also showed that the current level of location accuracy obtained by GPS and inertial
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navigation is not nearly precise enough to handle an autonomous delivery into a small mailbox.

Further work on this project would involve adding a terminal guidance phase using computer

vision, infrared seekers, or radar to “see” the lock-box and guide the drone towards a precise dropoff. Design of the lock-box itself could also be a subject worth exploring, as it should be secure

but not prohibitively costly for the user. Overall, the lock-box delivery concept is viable and could

be transformed into a market-ready product with future work in these areas.
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