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EXECUTIVE SUMMARY

Foreword. Vayu Aerospace has commissioned our design team to develop a drop tether system
for their US-2 drone prototype. The US-2 prototype is an autonomous aerial surveillance drone.

Design Problem. Law enforcement agencies and surveillance services utilize camera-equipped
drones for both surveillance and pursuit. Current solutions to improve the relatively short drone
flight time, such as tethers, result in the inability to transition from surveillance to pursuit in a
timely manner. Our goal is to engineer a solution to quickly and safely transition tethered drone
surveillance into target pursuit.

Requirements and Engineering Specifications. Through our own research and benchmarking,
along with conducting an interview with Vayu and considering the contextual factors, we have
drafted a list of requirements for the design as well as engineering specifications. Notable
members of this list include the requirements of safety within the tether drop, adhering to
maximum takeoff weight regulations, and enabling as much altitude as possible.

Concept Selection and Alpha Design. In the concept selection phase, a clear process narrowed
down 61 initial design ideas to the top three viable concepts for each function, determined via
our functional decomposition, through analysis using Pugh charts and an Analytical Hierarchy
Process. The top concepts were chosen for our alpha design, and further iterated on for our final
design.

Design Testing and Analysis. First-principles calculations and empirical tests were done to
assess our alpha design’s proficiency to meet the design problem requirements. Several iterations
of the design were completed based on the results of the analysis.

Build Prototype. Information from our engineering analysis was used to create a build prototype
for the tether connection. Verification and validation tests were performed on this prototype and
it was presented at the design expo.

Verification and Validation. Several verification plans have been tested to verify our
requirements and specifications, while additional tests still need to be completed. We created
plans for Vayu to execute in their own time. Validation plans have been created to ensure our
design is solving the correct problem, this includes communicating with our sponsor and
incorporating their feedback into the next design.

Recommendations. Recommendations to improve the design include more iterations on the
drop box, exploring higher-end components, a mechanism to physically detach the tether
connection, more system testing, and working on the reel design.
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PROJECT ABSTRACT

Highly capable, camera-equipped drones are currently used by many law enforcement agencies
and surveillance services for both general surveillance and target pursuit. One current option is
the US-1 Quadcopter shown below in Figure 1, a leading drone solution in the surveillance
market. The creator of the US-1, Vayu Aerospace, is currently developing the US-2 as a
successor to the US-1 model. One underserved capability they have identified in the market is
the use of a detachable tether system to prolong flight while tethered and still allow quick pursuit
due to a detachable mechanism. This project aims to design this detachable tether system and
create a proof-of-concept prototype.

Figure 1. The US-1 Quadcopter Drone'



PROJECT INTRODUCTION, BACKGROUND, AND INFORMATION SOURCES

Project Introduction

The US-2 Drone Drop Tether project is aimed at developing a unique solution within the
surveillance drone industry—a disconnectable tethered drone. The sponsor, Vayu Aerospace, has
commissioned our team of engineers to address this challenge, motivated by the potential to offer
a groundbreaking capability that fills a gap in the market. The development of a drone capable of
disconnecting from its tether in flight is attractive because it aligns with Vayu’s customers’
demands, improves Vayu’s sales prospects, and enhances the drone’s versatility in surveillance
and rapid pursuit scenarios.

The major objectives and goals of the project, as designated by Vayu in an interview?, include
creating a system that enables a drone to hover indefinitely at a target height of 100 feet and
disconnect from the tether on command. The tether itself should deliver approximately 2500
watts of power to ensure a net zero decrease in the battery state of charge (SOC) during use.
Additionally, the system should be reusable, durable in adverse weather conditions, and easily
integrated into Vayu’s new US-2 drone prototype. A successful project outcome will involve
delivering a first proof-of-concept prototype to Vayu who will ultimately own the intellectual
property that we develop during the course.

Problem Statement

After meeting with Vayu to discuss their requirements for this project as well as conducting
independent benchmarking, we have written a problem statement to guide the remainder of the
design process. The statement is as follows:

Law enforcement agencies and surveillance services utilize camera-equipped drones for both
surveillance and pursuit. Current solutions to improve the relatively short drone flight time, such
as tethers, result in the inability to transition from surveillance to pursuit in a timely manner. Our
goal is to engineer a solution to quickly and safely transition tethered drone surveillance into
target pursuit.

Background and Benchmarking

Previous work on this project completed by Vayu has involved recognizing the potential profit of
adding this feature to their US-2 drone prototype. Moving to current solutions and possible
competitors, some other companies have released tethered drones, however, none offer a
detachable tether system that allows the drone to transition seamlessly from surveillance to
pursuit. One example of a tethered drone competitor is the Orion 2.2 TE Tactical Tethered Drone
created by Elistair shown in Figure 2 below.



Figure 2. Orion 2.2 TE Tactical Tethered Drone created by Elistair®

The Orion drone can hold a payload of up to 11 pounds, can reach an altitude of ~328 ft (100 m),
and boasts a 50-hour flight time while tethered. The key issue with previous solutions, such as
the Orion drone, is the lack of a mechanism for detaching the tether while in flight. Through
talks with customers at security expos, Vayu has heard that customers of tethered drones have a
strong desire for such a detachable system, as it would enable drones to pursue identified targets
immediately when spotted without the need to land the drone, disconnect the tether, then take off
again’. Having a detachable tether system allows for the fastest identification to pursuit time,
even faster than using a second drone for pursuit, for instance. This capability would be a huge
competitive advantage for the US-2 drone product.

Looking at a different type of solution, there are aftermarket tether kits available at the consumer
level that are designed to replace the standard drone battery with the ground power supply and
tether system. This solution does not supplement the battery’s power; rather it plugs directly into
the drone operating system, limiting the ability to land, disconnect the tether, and then take off
again for target pursuit. The kits available at the consumer level, like the FoxTech T3500%,
advertise a 3500 W continuous power source on a ~328 ft (100 m) tether to a power supply that
replaces the drone battery, and the FUSE Tether System® supplies 2200 W continuous power
over 400 ft. Both feature a winch-like system to provide tension to the power cord to mitigate
slack, as well as acting as the storage system when not in use. This informs that our current goal
of ~2500 W power supplied to the drone over a 100 ft power cord is realistic compared to other
available tethers on the market, since both wattage and length of cord are within or below the
maximum range of both respective values. In fact, the three systems above - the Orion drone and
the FoxTech and FUSE tether kits - provide a tether range of more than three times our current
goal, indicating the 100 ft goal may be too low to be a competitive product. These kits also show
common trends and features like the cord tensioner which are somewhat standard commodities
within the market, and as such we should consider targeting the needs they meet in our design.



Looking into the connection mechanism for our design, there are lots of possible connectors on
the market today. Figure 3 displays five different disconnectable electrical connectors.
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Figure 3. Disconnectable electrical connector types®!'?

Using the connectors as a benchmark, we analyzed these connection types against our
engineering requirements and specifications. For this ranking, we looked at six of our
requirements that applied to the connection mechanism. These requirements and specifications
are compared to each of the connection types shown above. We compared the designs using a
Pugh chart with the screw connector type as the baseline. The results are shown below in Table
1; the full list of requirements and specifications can be found in Table 2 on page 16.

Table 1. Pugh chart of the five disconnectable electrical connector types

Requirement Specification Screw Magnetic | Tensile Wireless | Lever
Drops tether only | 0 unintended tether drops - -1 -1 -1 1
upon command | during normal use
Fast disconnect | Detaches in < 3 seconds - 1 1 1 1
time when ready | from time of command sent
to detach to mechanism to release

from drone
Durable Can survive > 50 drop uses | - -1 -1 -1 1
Reusable > 100 actuations before - 0 1 1 1

failure (“open” or “close”)

0 single use parts
Weather resistant | Rating of IP67"! - -1 -1 -1 0
Easy to attach 0 tools required to operate | - 1 1 1 1
and detach < 3 steps to attach or

detach

Total Score: | 0 -1 0 0 5




Based on the Pugh chart in Table 1, the best connector type was a lever connector with a score of
5, outperforming the baseline of the screw connector in five of the six requirements. The worst
design was the magnetic connector with a score of -1. We recognize that the Pugh chart above
shows us a potential preliminary design concept, but is not completely accurate without more
data-driven research. Using this information as a baseline, moving forward into the concept
generation and concept selection phase, we will tentatively look into designs using a lever
connection point.

Summary of Information Sources and Standards

To support this project, a variety of information sources - both primary and secondary - have
been and will be consulted, including stakeholder interviews (Vayu Interview?), Federal Aviation
Administration (FAA) Guidelines (FAA 14 CFR Part 107'%), literature reviews (Learning
Blocks"), competitor drone analysis (Orion 2.2 TE?), after-market tether kit analysis (FoxTech
T3500, FUSE Tether System®), test data (Vayu Test Data'?), and relevant engineering standards
such as ISO 24356:2022 (General requirements for tethered unmanned aircraft systems'”) and the
Occupational Safety and Health Administration (OSHA) 1910.28(c)(1-3) (Duty to have fall
protection and falling object protection'®).

Stakeholder interviews offer valuable insights into our project, enriching our understanding of
the task at hand and guiding our requirements and specifications. The guidelines established by
the FAA describe the regulatory framework governing small unmanned aircraft systems.
Adhering to these guidelines is crucial to ensuring that our design complies with the
requirements and restrictions. Furthermore, our project benefits from the wisdom gleaned from
literature reviews, which explain design processes and concept generation strategies. This
knowledge relates to our project plan and facilitates the analysis of various concepts. A
comprehensive analysis of competitor drones and an examination of aftermarket tether kits serve
to benchmark our design against existing industry standards. The utilization of test data obtained
from Vayu is instrumental in our analysis and testing of specific components and design ideas,
particularly when interfacing with their flight data. Also, it is imperative that our design adheres
to the requirements stated by the ISO for tethered unmanned aircraft systems'. Compliance with
these standards is essential for the usability of our design. Additionally, the OSHA guidelines
provide specific regulations pertaining to falling objects, which is crucial in ensuring tether
safety'¢. These sources collectively provide a comprehensive foundation for the project, ensuring
a well-informed and thorough approach to solving the disconnectable tethered drone problem.



DESIGN PROCESS

In this section, we will discuss the design framework we will be using throughout the project and
the respective design phases. We will dive into problem definition, concept exploration, and
solution development and verification, along with further guidelines we will follow throughout.

The ME 450 Design Framework

During the initial stage of our design project, we carefully considered what engineering design
process we would adhere to, ensuring that it would effectively help us achieve our goals. After
consideration, the ME 450 design framework was chosen to serve as our primary source. This
process consists of three distinct stages that are relevant for our project: Problem Definition,
Concept Exploration, and Solution Development and Verification (Need Identification has
already been completed by our sponsor and Realization is out of scope for our project').
However, it is crucial to note that these stages are not linear but rather iterative, allowing us to
revisit and refine our work as needed. This framework is shown in Figure 4 below.
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Figure 4. ME 450 Design Framework"

N M M IV IV
ARV VA VAR V4

Problem Definition

In the problem definition phase, the focus is on understanding and framing the problem, eliciting
stakeholder needs, and developing clear engineering requirements and specifications. Activities
in this phase include conducting interviews, literature reviews, benchmarking, and more. The
goal is to establish a well-defined problem based on genuine needs, articulate individual
stakeholder requirements, and create unambiguous, measurable engineering specifications. Our
work for the problem definition phase has been summarized throughout this report and is the
beginning of our overall design project. The framing and background of our design problem are
discussed in the Project Introduction, Background, and Information Sources section of the report
starting on page 5. Our analysis of stakeholders and engagement, including a stakeholder map, is
shown in the Design Context section of this report starting on page 12. Lastly, our defined
engineering requirements and specifications are laid out in the User Requirements and
Engineering Specifications section starting on page 15.



Concept Exploration

The concept exploration phase involves generating, developing, and evaluating solution concepts
through structured creativity sessions, brainstorming, and using various tools to encourage
divergent thinking. The aim is to explore a wide variety of solution concepts that represent
divergent thinking and systematically progress from many ideas to the best solution concepts, all
backed by evidence-based justification. The majority of this thinking will be documented in
Design Review 2 on October 10th, 2023.

Solution Development & Verification

The solution development and verification phase is the final phase, where the focus shifts to
developing a detailed design solution that meets our requirements and specifications. This phase
incorporates rigorous mechanical engineering analysis, consideration of design best practices,
CAD, materials selection, and verification. The outcomes include a detailed design solution,
engineering analysis, and evidence-based justification of the solution and its verification. This
stage of the process will be documented in Design Review 3 on November 14th, 2023.

Further Guidelines

Throughout the entire design process, several general considerations such as gathering and
synthesizing relevant information, rigorous exploration and evidence-based decision-making,
design best practices (such as iteration, divergence-convergence, embodiment, and reflection),
and the application of mechanical engineering principles and prior knowledge are included.
Moreover, the framework underscores the importance of considering context, identity,
inclusivity, and ethics during every phase of the design process.

Other Design Frameworks

While the ME 450 design process forms the core of our approach, we have also explored other
design process models. Notably, we have considered the National Aeronautics and Space
Administration (NASA) Beginning Engineering Science Technology (BEST) Engineering
Design Process model'’, which offers a structured approach for students working on design
projects. This model involves several stages, including Ask, Imagine, Plan, Create, Test, and
Improve. NASA’s model is renowned for its clarity and suitability for educational purposes. This
model is shown below in Figure 5.
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Figure 5. NASA’s BEST Engineering Design Process model"’

Considering the most useful design process models for our project, the ME 450 framework is
likely to be our guiding model due to our familiarity with it. However, simpler models like
NASA’s student model serve as valuable reminders when we need to simplify complex concepts
and focus on high-level tasks.

Rapid Prototyping Capabilities

One significant difference in our design process is the availability of cost-effective and rapid
prototyping capabilities, primarily through 3D printing at Vayu and in U-M machine shops. This
allows us to quickly hash out and evaluate earlier-stage concepts against our specifications.
Unlike the standard design process introduced during our course introduction, where prototyping
might be more resource-intensive, our approach takes advantage of readily available 3D printing
technology to expedite testing, iterate rapidly, communicate design ideas effectively, and identify
and address potential flaws early in the design process.
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DESIGN CONTEXT

In this section, we examine the broader context that influences our design project, considering
various factors like public health, safety, and welfare, as well as global, cultural, social,
environmental, and ethical contexts. Our analysis builds on the insights gained from prior
learning blocks". It involves careful consideration of the stakeholders involved, the social impact
of the project, intellectual property, sustainability, ethical dilemmas, and power dynamics.

Stakeholder Analysis and Engagement

Our project involves numerous stakeholders, each with distinct interests and impacts on the
project. Through discussion with our sponsor and our own deliberation, we have come up with a
stakeholder map shown below in Figure 6.
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Figure 6. Stakeholder map for the Drone Drop Tether Project

The stakeholders shown in the figure above were organized into primary, secondary, and tertiary
groups based on their involvement with our project. The primary stakeholders will have a direct
impact on the design, the secondary stakeholders will have a medium impact on the design, and
the tertiary stakeholders will have a low impact on the design. For stakeholder engagement, we
have only been in contact with Vayu Aerospace so far. They have helped us identify the design
problem and offered their help in finding a solution. In the future, we plan to engage with more
stakeholders to gain their valuable feedback.
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Several stakeholders will be positively affected by our project, including Vayu Aerospace,
surveillance services, law enforcement field units, camera and drone operators, test pilots, and
investors. These stakeholders will benefit from the enhanced surveillance capabilities and unique
detachable tether advantage our project offers. Conversely, the project may negatively affect
some stakeholders, such as surveillance drone competitors and individuals being surveilled. For
competitors, this unique design will put Vayu Aerospace at an advantage, possibly hurting
competitor sales. The surveillance process, while intended for safety, could raise privacy
concerns for individuals who may feel their privacy is being invaded. Therefore, it is crucial to
carefully address these ethical and privacy considerations.

Social, Global, Cultural, Environmental, and Economic Impact

Our project sponsor, Vayu Aerospace, places a high priority on the social impact as it directly
aligns with the core objective of enhancing safety. This product can increase feelings of safety
for those individuals under surveillance. On the other hand, as mentioned above, this design
product could raise privacy concerns which is an important consideration for our design process.
Ensuring we are cognizant of privacy within our testing of the product and making sure the
customers of our product will adhere to privacy regulations is crucial.

For the global impact, this design will be a breakthrough in surveillance technology. Having an
indefinite hovering drone that can quickly switch to pursuit is something that many companies
and customers will want, across many different geographies and countries.

For the cultural impact, our product can both help and hurt. First, it may help to reduce acts of
crime and help law enforcement catch criminals. Conversely, our product could be used to harm
others by inappropriately conducting surveillance and by targeting certain groups.

More research needs to be done on our part to adequately assess the environmental impact of this
project, including but not limited to pollutants and emissions. The drone itself is electric so it
does not emit any pollutants while in use, but the power supply for the tether system might
contribute to pollution (this is outside the scope of our project). Because the drone will be flying
at 100 ft, we suspect it will emit minimal noise pollution for those nearby. Furthermore, our
project aims for sustainability through the use of parts that have a long lifetime, particularly the
tether and its disconnection mechanism.

As our product is being marketed towards mainly government agencies such as law enforcement,
it is in our interest to make it cost effective. This reduces the burden on these organizations
which are funded by taxpayer dollars and allows for reinvestment in more diverse applications in
the communities it is deployed.

13



Intellectual Property and Sustainability

The intellectual property generated by our project is vital, as the design represents a unique
solution in a niche field. All intellectual property rights are transferred to Vayu Aerospace, our
project sponsor, as per our agreement.'®

Ethical Dilemmas

The ethical dilemmas we anticipate are privacy infringement and the safety of the tether
detachment. For privacy infringement, as stated above, surveillance raises privacy concerns,
potentially infringing on the public’s privacy. We will manage this by implementing privacy
guidelines and adhering to applicable laws and regulations. The safety of bystanders and users
during the tether detachment process is a major concern during tether detachment. We will
address this by designing fail-safes and conducting thorough testing to minimize the risk of
injury. Our personal ethics align with the professional ethics expected by the University of
Michigan and future employers, ensuring we maintain high ethical standards throughout the
project.

Inclusivity and Power Dynamics

As a team, we have discussed our individual responses to inclusivity issues and strategies to
address them. To address potential inclusivity problems not yet identified, we will maintain open
and regular communication within the team, encouraging everyone to voice concerns and ideas.
Additionally, we will remain receptive to feedback from diverse perspectives, ensuring
inclusivity is a fundamental aspect of our project. For the power dynamics of our team, we all
work very well together. We each have our own strengths that will help us complete certain
tasks. We also keep a high level of communication and ensure everyone is doing their part.
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USER REQUIREMENTS AND ENGINEERING SPECIFICATIONS

In this section, we will delve into the requirements for the design project and how we have
translated them into precise engineering specifications. To facilitate comprehension, we have
included a table that lists our requirements and their associated engineering specifications along
with justifications below in Table 2.

Process of Determining Requirements and Specifications

The first step in establishing our engineering targets was to hold an initial meeting with our
project sponsor. This meeting allowed us to gain an understanding of what the sponsor saw as the
requirements and objectives of the design project. From this meeting, we learned about the
emphasis on having a net-zero decrease in the battery of the drone when tethered and the goal of
enabling as much altitude as possible given weight and power constraints. Additionally, we
conducted an analysis of related and competitive products and solutions in the surveillance drone
industry to ensure that our engineering targets aligned with industry standards and customer
expectations. The respective specifications for the requirements outlined to us by Vayu were set
based on the values they suggested as desirable in our interview.

Prioritization of Requirements and Specifications

Our project requirements have been systematically prioritized in Table 2 below, with the most
critical requirements positioned at the top. We determined this prioritization based first on which
must be fulfilled for the product to adhere to all laws, such as workplace safety as outlined by
OSHA'® requiring a barricaded area and meeting the FAA weight limit for drones of 55 pounds'?
to be classified as such. Then we looked at which requirements made the project a worthwhile
addition to the US-2 drone product, such as enabling as much altitude as possible, because if the
drone could not fly high with the tether attached, there would be no reason for the tether system.
Then we looked at which requirements must be met for the product to function. These are the
requirements of ensuring a net zero battery decrease allowing indefinite flight, having zero
unintended tether drops during normal operation, and having a fast tether disconnect of less than
three seconds. Lastly, we considered “nice-to-have” features that will enhance the usability,
durability, and longevity of the design but are not imperative for the design to function properly.
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Table 2. Design requirements and associated engineering specifications and justifications

Rank | Requirements Specifications Justification
Safety of tether drop Entire system, including The falling cord and tether connection system pose
1 drop, operates within a a great safety risk, so by wearing head protection
barricaded 20 ft diameter and barricading the area into which objects fall,
circle OSHA guidelines can be met'®
Adhere to maximum < 55 pounds Drones are labeled as “small unmanned aircraft” by
2 takeoff weight FAA if the drone and payload does not exceed 55
regulations lbs'"
Enable as much altitude | Tether length > 100 ft 100 ft is provided by our sponsor as an initial goal
3 as possible but is below benchmarked tethered drones. After a
proof of concept we can aim to increase length
Drone should stay fully | Net zero decrease in battery | Net zero battery decrease allows for indefinite
4 charged while in use State Of Charge (SOC) flight while tethered, a key use case for the tether
with tether during use system
5 Drops tether only upon 0 unintended tether drops Limiting unintended drops of the tether ensures the
command during normal use design is highly reliable
Fast disconnect time Detaches in < 3 seconds from | Tether detach needs to be faster than a takeoff,
6 when ready to detach command sent to mechanism | landing, and take off again. Detach also must be
to release from drone fast enough to maintain sight of the target
Durable Can survive > 50 drop uses Estimated target to demonstrate sufficient
durability and maintain usability
7 Maintains flat surface finish
between steel plate and
magnets. (Class B or better
and 3.2 pm Ra™)
Reusable > 100 actuations before Estimated target to demonstrate reliable and
8 failure (“open” or “close”) sustainable connection/disconnection from drone
0 single use parts
Unobtrusive to drone < 1% affect on drone Tether system should act as a supplementary
operation, including magnetometer sensor sEstem to the nominal operation of the drone;
sensors, motion, and should not interfere besides acting as payload
camera 360° drone motion in yaw
axis and > 20° of pitch and
roll
> 180° horizontal motion of
9 camera with unobstructed

View and > 90° Verti'cal
motion of camera with
unobstructed view

Failure mode of the system is
disconnection of the tether

< 5 Ib. onboard components
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https://www.safran-group.com/media/387604/download

Rank

Requirements

Specifications

Justification

10

Weather resistant

Rating of IP67"

The tether connection should function in rainy or
dirty conditions

Cord cannot exceed a

When in use, the temperature

The tether system should not add thermodynamic

11 | target temperature must be < 15°C more than strain to the drone and cause other potential failure
the temperature of the drone | modes
1o | Fast cord storage time < 60 seconds Ease-of-use estimate for users to safely and quickly
store the cord
Easy to attach and detach | 0 tools required to operate The connection should be simple to use so it can be
13 attached quickly to increase surveillance time

< 3 steps to attach or detach
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CONCEPT GENERATION

Our concept generation phase began with an initial brainstorming session to generate as many
ideas as possible. A few strategies were utilized to assist in our brainstorming, such as a
morphological chart and design heuristics.

Morphological Chart

First, we employed a morphological chart to assist in generating our concepts. A morphological
chart breaks down the overall design into multiple subsystems. Then, multiple solutions are
brainstormed for each subsystem. Lastly, these solutions are mixed and matched together to
generate a high volume of different designs. One morphological chart we employed broke the
design into three sub systems; 1) the cord connection point; 2) the system that would hold the
weight of the cord; and 3) the system that would disconnect the cord. This morphological chart is
displayed in Table 3 below.

Table 3. Morphological chart for developing initial designs

Sub system: Solutions:

Cord connection Female/male Light magnet Wireless

point connector

Hold weight of the String Connection itself Bracket for the cord
cord

Disconnect the cord | Pull out something Cut something Push something

This resulted in designs such as the three examples shown below in Figure 7 with three different
combinations of solutions to the three subsystems.

Ex 1: Light magnet, string, pull out Ex 2: Female/male connector, Ex 3: Female/male connector, bracket
something connection itself, push something out for the cord, pull out something

Figure 7. Ideas generated from Morphological chart
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Design Heuristics

The second method we employed was utilizing design heuristics. Design heuristics are a list of
different modifiers, twists, or instructions for how to change existing designs or create new
designs. For example, one design heuristic is “Separate functions”. This is a modifier that can be
applied to an existing design to generate a new design idea. We used these design heuristics to
build upon our design ideas and to generate new and unique ideas. Figure 8 below shows a full
list of design heuristics that we relied upon for helping to generate new ideas.

1. Add levels

2. Add motion

3. Add natural features

4. Add to existing product

5. Adjust function through
movement

6. Adjust functions for specific users
7. Align components around center
8. Allow user to assemble

9. Allow user to customize

10. Allow user to rearrange

11. Allow user to reorient

12. Animate

13. Apply existing mechanism in
new way

14. Attach independent functional
components

15. Attach product to user

16. Bend

17. Build user community

18. Change direction of access

19. Change flexibility

20. Change geometry

21. Change product lifetime

22. Change surface properties

23. Compartmentalize

24. Contextualize

25. Convert 2D material to 3D object

26. Convert for second function
27. Cover or wrap

28. Create service

29. Create system

30. Divide continuous surface
31. Elevate or lower

32. Expand or collapse

33. Expose interior

34. Extend surface

35. Flatten

36. Fold

37. Hollow out

38. Impose hierarchy on functions
39. Incorporate environment
40. Incorporate user input

41. Layer

42. Make components attachable/
detachable

43. Make multifunctional

44. Make product recyclable
45. Merge surfaces

46. Mimic natural mechanisms
47. Mirror or array

48. Nest

49. Offer optional components
50. Provide sensory feedback
51. Reconfigure

52. Redefine joints

53. Reduce material

54. Repeat

55. Repurpose packaging

56. Roll

57. Rotate

58. Scale up or down

59. Separate functions

60. Simplify

61. Slide

62. Stack

63. Substitute way of achieving
function

64. Synthesize functions

65. Telescope

66. Twist

67. Unify

68. Use common base to hold
components

69. Use continuous material

70. Use different energy source
71. Use human-generated power
72. Use multiple components for
one function

73. Use packaging as functional
component

74. Use repurposed or recycled
materials

75. Utilize inner space

76. Utilize opposite surface

77. Visually distinguish functions

Figure 8. List of design heuristic modification strategies'*

Concept Generation Results

These two strategies, morphological charts and design heuristics, along with simple
brainstorming sessions led us to generate 61 initial design ideas. These greatly ranged in
feasibility and overall are a comprehensive list of possible design solutions to our problem.
Figure 9 on the next page depicts five concepts from our concept generation phase. These five
concepts are widely different and depict many different solutions. These five, in order of the

figure below, include a servo which actuates to hold the cord inside the connection point, a wind
turbine on the drone, a tall landing pole in which the drone sits on, a small tension band holding
the connection point together, and lastly a claw that pulls the connection apart. A larger list of the
concepts that were generated can be found in Appendix A.
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Figure 9. Generated ideas that vary widely in concept
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CONCEPT SELECTION PROCESS

Our concept selection phase followed a multi step process as follows. We began by analyzing our
large number of initial design ideas for feasibility and removing duplicates. This brought our 61
designs to just 26 designs. After conducting a functional decomposition on our overall design
problem, we broke up and categorized the remaining designs by function and took another pass
over the designs to determine the top three for each function. Lastly, we conducted a Pugh chart
to compare these designs against our requirements utilizing an analytical hierarchy process,
resulting in our alpha concept.

First Design Screening

To begin, we took a first pass over our 61 initial design ideas and removed designs that were not
feasible either due to technology limitations, such as our design idea of beaming electricity from
the ground to the drone, cost, and time. Furthermore, we removed duplicate designs that two or
more of us thought of. This first screening also removed any non-cord based designs due to our
problem scope being specific to a cord based system. This brought our initial designs down to 26
possible illustrated designs.

Functional Decomposition

Next, we conducted a functional decomposition to break our overall design into four main
functions. These four functions are shown below in Figure 10 and consist of the cord selection,
actually choosing the cord including length, gauge size, insulator material, etc; the connection
point and disconnect method, how the cord connects electrically to the drone and how the cord
disconnects upon command; the cord safety mechanism, how do we ensure the dropping of the
cord is safe; and lastly, the cord storage system, how do we store and hold the cord.

US2 Drop Tether
System

!
‘ ‘ : :

. Connection Point and Cord Safety Cord Storage
Cord Selection . .
Disconnect Method Mechanism System
Provides enough power to Drops tether only upon Ensure overall safety of Fast cord storage time
ensure drone stays fully command system users and
charged while flying bystanders Keeps cord' stored when
Fast, durable, reusable, not in use
Enables as much altitude and easy to attach and Dropping of cord from
as possible detach drone does not harm those Connects cord to power
involved supply when in use
Does not overheat Drone can maintain full

range of motion

Figure 10. Functional decomposition of the overall design problem
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Second Design Screening

Utilizing this functional decomposition, we broke up each design into the different specific
functions it was solving and then grouped these individual aspects by function. We only did this
for the three categories of connection point and disconnect method, cord safety mechanism, and
cord storage system, as cord selection is a more analytical process and does not require different
design drawings or ideas. During this step, we realized our initial illustrated designs largely
encompassed the connection point and disconnect method, but there were very few that also had
solutions for the cord safety or cord storage. To remedy this, we conducted further brainstorming
for these two functions. This categorization resulted in 20 specific designs for the connection
point and disconnect method, 6 designs for the cord safety mechanism, and 8 designs for the cord
storage system. Next, we set out to determine the top three designs in each functional category.
To do this, we analyzed the designs across the requirements that applied to each of the functions.

Connection Point and Disconnect Method. Starting with the connection point and disconnect
method, we analyzed the designs against the requirements that applied to this specific function.
We compared these designs qualitatively to determine which three we found to best fit the
requirements, keeping in mind the requirement rankings. During this stage, we also redrew these
top three designs, iterating slightly on the initial illustrations, and fleshing out any assumptions
or oversights. This resulted in the three designs shown below in Figure 11 depicting the tensile
design, Figure 12 depicting the electromagnet design, and Figure 13 depicting the pin design.

"///::: 77 il // 2 . — Droy\& Hous‘”-B

Side view,
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O @ - Tusle Brekaey Bund

= 1],
== Side view,
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/ |'v disconnected

Tensile band
breaks

Figure 11. Tensile design in which a small tensile band which is rated for a certain force is
holding the electrical connection together. When the drone applies a force higher than the rating,
such as when the cord is locked and the drone attempts to fly higher, the band breaks,
disconnecting the cord

22



. = Drone Hoos[ns

. = E I&Lﬁ’ﬂ MW S\FJVJ"\

. =Permoneat Mognet

Figure 12. Electromagnet design in which the electrical connection is held together by four
electromagnets that can be remotely powered off to allow the cord to disconnect and fall
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Figure 13. Pin design in which an actuating pin or bar is extended holding a small ring which is
then attached to the cord via a strong string. When the actuating pin/bar retracts, the ring slides
off allowing the cord to fall which also disconnects the light electrical connection.

These three designs were chosen as the top three due to their simplicity, reliability, durability,
and reusability. Furthermore, another consideration that was brought up was the aspect of failure
modes. For instance, if the drone is to go haywire, it would be better for the connection to
disconnect before the drone crashes due to pulling on the cord. This consideration is present in
all three of these above designs, as the tensile band can snap, the electromagnet can disconnect
with enough force, and the string can break.
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Cord Safety Mechanism. Moving on to the cord safety mechanism, we performed a similar
analysis as above, comparing the designs for this specific function against the requirements to
qualitatively determine the top three designs. This resulted in the three designs shown below in
Figure 14 depicting the parachute design, Figure 15 depicting the airbag design, and the last
design being enacting a large radius in which individuals are instructed not to enter with the
drone and cord system in the center.
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Attaches parachute
Pulled apart with cord to capsule

Figure 14. Parachute design in which a capsule housing is broken into two parts, the body
rigidly attached to the cord and the door rigidly attached to the drone. When the cord
disconnects, the capsule splits apart and the loop on the capsule door pulls the parachute out of
the capsule body, deploying the parachute.
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Figure 15. Airbag design in which an airbag system is rigidly attached to the cord. When the
cord disconnects and experiences high acceleration, the airbag deploys, lessening the impact on
the ground.
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Cord Storage Mechanism. Lastly, for the cord storage system, we again performed a similar
analysis resulting in the three designs shown on the next page in Figure 16 depicting the hand
crank reel design, the motorized reel design, and the spring and ratchet reel design.

Spring + Ratchet
Reel

Hand Crank Reel Motorized Reel

Figure 16. Cord storage system designs

After generating our top three designs for each functional category, except for cord selection, we
conducted an analytical comparison to find the best design in each category based on our
requirements.

Analytical Hierarchy Process

First, we needed to know the relative weightings and relationships between our requirements. To
do this, we conducted an Analytical Hierarchy Process*' (AHP). An AHP consists of listing our
summarized functional requirements and comparing them against one another in terms of relative
importance. Each row requirement is assessed compared to a column requirement, and is ranked
on a 9-3-1 scale, from high importance to low, respectively. The scoring numbers (9-3-1)
correspond to the words (much more - moderately more - about as) when filling in the statement
“The requirement in Row X is __ important (than/as) the requirement in Column Y.” In Figure
17 on the next page, the rankings were summed into their corresponding row requirements,
giving us a clear indication of the functional requirements that would be most important in
considering potential design ideas and design characteristics.
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