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Top Level Design Summary
Team Hi-Jacks is working to design and create a fully functional drone that optimizes power, weight, and flight time that will, in the future, be used for land surveying. The drone uses a very simple design (figure 1) with three central plates to hold the electronic components. Each arm acts as a spacer between plates along with another set of spacers connected to the arms where the motors are placed at the ends. The legs clamp onto the bottom of the spacers to give the drone a wide stance while on the ground and to make for easier landings. 
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Figure 1: CAD model of current design
For the project, the customer had a certain set of requirements to design around. They wanted a high thrust to weight ratio, lightweight, optimized component location, low cost, long flight time, and the use of minimal hardware. To achieve these requirements, the team made a list of engineering requirements to ensure the customer needs are met. These are a weight of less than three pounds, a thrust to weight ratio of over 1.81, necessary components have a wide field of view, a centralized and non-moving center or gravity, and a project cost under $5,000. These requirements are detailed in the QFD in appendix A.

Summary of Standards, Codes, and Regulations
FAA regulations on drone flying set the maximum allowable heights for flight of a drone. This was used to analyze needed strength of the drone as discussed in the next section. The maximum allowable height was set as the worst-case scenario for a drone falling and impacting the ground. 

ASTM-D638 Type 1 is a set of standards that defines tensile testing. The team had performed these tests in the previous semester according to these guidelines. The dog bone testing of these materials applies to these standards as all samples are created the same way, are tested in similar conditions, and are compared to each other to form an overall conclusion. This standard is applicable to reinforced plastics being tested under a variety of temperatures, humidity, and testing machine speeds. The team printed multiple ASTM-D638 Type 1 dog bones made of different materials that would be strength tested in a universal tensile tester. The values for tensile strength gained from these tests would then be used to calculate the physical limits of the drone.

Summary of Equations and Solutions
Normal Operation
In order to determine the factors of safety for each of the components during flight, it is important to use the stress values when they reach the maximum amount. For the case of an operational drone, the highest stress values will occur upon liftoff and landing and in most cases will be far greater when landing if the operator is unable to easily control the drone. In addition to assuming that the stresses are at a maximum upon landing, there will be other assumptions that will need to be made in order to accurate solve for the stresses and this includes the velocity of the drone when it touches down, the weight of the drone with all of the components attached, and with these values, the force of impact can be calculated using equation 2 found in Appendix B. 

All of the work in order to solve for the stresses of each of the parts can be found in Appendix B and the assumptions are stated as well. To safely operate the drone, the team, along with the Boeing Client, has decided that the minimum factor of safety for each of the parts should be 1.2. 


Table 1: Individual Part Factor of Safety Normal Operation
	Sub-System
	Part
	Load Case Scenario
	Material
	Minimum FoS

	Body
	
	Normal Operation
	
	1.2

	
	Plate with key
	


	ABS
	

	
	Plate with no key
	


	ABS
	

	
	Arm
	


	ONYX
	

	
	Leg
	


	ONYX
	

	
	Leg connector
	

	ONXY
	

	
	Body bolts
	

	Zinc coated Grade 2 Steel
	

	
	Leg bolts
	

	Zinc coated Grade 2 Steel
	



Crash Landing
Although crashing is not considered a part of normal use for the drone, the team felt it was important to consider the effects of a crash. Using the FAA 400ft and by analyzing the various accelerations during a crash, it would be possible to interpret the forces received by different components. The resulting force from a worst-case scenario crash was 770 N, which could have negative effects on the drone depending on the location of impact. This situation however is unlikely to occur, so the team decided to not focus on overbuilding the drone for the unlikely event. Instead, the team focused on preparing the drone to withstand forces seen in normal use as discussed above.

Flow Charts and Other Diagrams 
The functional model takes the drone and breaks it into individual steps. Starting from the input by the human controller, intermediate steps are identified through to a final output by the propellers as thrust. The functional model then identifies any energy involved with a respective step. The final functional model can be seen in Figure 2.
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Figure 2: Drone Functional Decomposition 

The functional model helped the team identify components associated with each step as required for flight. It then provided the energy associated with each of these steps. For concept generation, this was useful as it provided topics that would need to be designed for… such as the arm and body configuration. Because the team is focusing on the body of the drone and components were pre-selected by Boeing, the functional decomposition was used less for the selection of individual components. It was instead used as a template for how the components connect and gave a deeper understanding into how drones function. After understanding these concepts, the team used the Black Box Model and functional decomposition to begin concept generation. 


Moving Forward
Team Hi-Jacks has put a considerable amount of thought and calculations into the design stages of creating the drone body. The symmetry of the arms, legs and body of the drone frame simplifies the center of gravity (CoG) calculations as the only components being added to the drone are electrical. All parts of the manual flight drone will be with the team by early next week, which assists the team calculations of weight and symmetrical placement without assumptions. All the components will need finalized placement sections inside of the body to begin accurate CoG calculations. Concerning material testing of the drone, non-reinforced Onyx polymer 3D printing from a Markforged printer proved to be the most durable and versatile material for the purposes of the drone based on last semester's dog bone tests. No further material testing is planned to be re-run but could be crucial after the drone is properly operating and problems are observed with material fatigue.

Calculations that will be actively used within the team involve ANSYS stress testing, ANSYS flight simulation, and CoG changes. The weight of the drone will not change until a new prototype is made with longer arms, rounded edges, wiring management and a fastening mechanism for the electrical components. There are many calculations and simulations to come in this project but not at the expense of an incomplete drone body with corresponding weights. The team is confident that the drone will be ready for ANSYS simulations and CoG calculations within the next two weeks following the update of the drone frame and weight of the new electrical devices. 
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Appendix A: QFD
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Appendix B: Factor of Safety Calculations
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Calculative Analysis

In order to accurately calculate the stress that the drone frame, it is important to understand the equations
that will be needed for these situations. These equations were mostly found in the machine design [1] and
dynamics textbook [2] from previous engineering classes. The most basic form of equation that will be
used in this analysis is the stress equation (eq. 1).

o=

(1]

N ]

‘Where:

o = applied stress
F =applied force
A = affected area

To accurately calculate the force the drone is experiencing, the total forces must all be added together to
represent a real-world application (eq. 2). These forces may be applied in different directions from other
forces such as gravity acting downwards or the force of lift acting upwards.

YF=ma=F +F,++F, 2]

These values can all be measured in the analysis portion of the writeup and will be used to caclulate the
stresses of the arms and legs of the drone and will then be compared to the material analysis to ensure that
the parts will withstand the given stresses. In order to solve for the forces, the masses of the drone as well
as gravity should be known (eq. 3). The weight of the drone can be calculated from the mass of the drone
which can be approximated as 8 pounds (1bs), the weight of the drone that was previously built by Boeing
and the acceleration due to gravity which is 32.2 ft/sec?.

w =mg 3]
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Where:

w = the force due to weight of the drone
m = the mass of the drone

g = the gravity of Earth

In addition to the weight of the drone, other forces such as the force of thrust will be applied to the drone
frame and can be calculated from what is given from Boeing. Boeing has supplied a thrust to weight ratio
of 1.81 for the current drone frame. The different forces are acting on different parts of the drone in a way
that will create a bending moment (eq. 4) which in turn creates bending stress (eq. 5). To simplify the
moment of inertia equations, it is acceptable to assume that the arms and legs of the drone frames are
perfect cylinders.

M= Fr 4]
Where:
M = the bending moment
r = the distance to the force
Obend = # 151

Where:

Opena = the applied bending stress

¢ = the distance to the center of the part
I = the moment of inertia of the part

The arms and legs that are attached to the drone frame are the most critical spots for failure and therefore
will need to be analyzed to ensure failure does not occur. These parts can be assumed as circular cross-
sections (eq. 6) where the arm diameter is 0.741 in (inches) while the leg has a changing cross-sectional
area due to its conical shape so the smallest diameter of 0.5 in will be assumed for worst case-scenario.

Ay == [6]

Where:
A, = the cross-sectional area
d = the diameter of the part

These six equations will all be necessary in order to caclulate the maximum stresses the drone frame will
endure. These maximums will occur during liftoff and landing of the drone when the change in
momentum will be the greatest.
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Using equation 3, the total weight of the drone is calculated as 257.6 Ibf and is a downward force due to
gravity. The total thrust force can then be found by multiplying the thrust to weight ratio by the weight of
the drone.

thrust
181 =—
weight

thrust = weight x 1.81
466.256 Ibf = 257.6 Ibf x 1.81

In addition to these static forces, an impact (dynamic) force can also be calculated for when the drone

lands on the ground. For this force calculation, an average landing velocity of 59 ft/sec to 0 ft/sec

within 1 sec (second) will be assumed (eq. 7) and from this assumption, an acceleration can be
caleulated.

U]

Where:
a = acceleration
nal velocity
v, = initial velocity
1= time

The acceleration is calculated below and can then be used to find an impact force for landing.

ft (0-59)ft/sec
59t =
Sec 1sec

The impact force using the given mass of the drone and the acceleration upon impact is found below and
would therefore be a negative value which only tells the direction of the force is downward.

472 1bf =8 1bm x 59 ft/sec?

Using the values found for the weight of the drone and the thrust of the propellers within equation 2, the
total force that is acting upon the drone frame upon liftoff can be calculated.

+ Z F = 466.256 Ibf — 257.6 Ibf = +208.656 Ibf

Similarly, the force upon landing can be calculated and will take into effect the impact force calculated
previously.

+ Z F = 466.256 Ibf — 257.6 Ibf — 472 Ibf = —263.344 Ibf
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After finding the net force the drone frame is experiencing, the next step would be to find the area of the
parts that the stress will be calculated where these parts can be assumed as circular cross-sections. The
cross-sectional area of the arms are calculated below as a value of 0.431 in?.

n(.741 in)?
4

0.431in? =

While the cross-sectional area of the legs at the weakest points was calculated to be 0.196 in?.

7(.5 in)?
4

0196 in? =

With the total net force the drone frame is experiencing and the area of the arms and legs of the drone, the
applied stress can be calculated using equation 1. Below is the equation used to calculate the landing
stress in the arms. The max stress is equal to 611 psi (pounds per square inch).

I CELT TR
R FETE

Similarly, the maximum stress upon takeoff in the arms calculates out to +484.12 psi.

+208.656 Ibf
431 in?

= 48412 psi

Tmax

Next the calculations for maximu stresses in the legs can be solved. The maximum stress in the legs
upon landing are equal to -1,343.59 psi.

_D2B3MbE
Omax =096z P

The maximum stress in the legs upon liftoff are equal to +1,064.57 psi.

= 1,064.57 psi

Omax =

After finding the maximum compressive stresses above, a more static stress analysis should be taken into
effect. The arms of the drone can be considered as a cantilevered beam where there will be some point
loads acting at the end of the beam (propeller and motor) and the center of the beam (speed controller).
These point loads will then be multiplied by the distance away from the support section of the arms to
find the torques (eq. 4) acting upon the arms of the drone. The mass of the proppeler and motor
attachments are equal to 0.353 Ibs at 8.23 in away while the speed controller is equal to 0.25 Ibs at 4.165
in away from the support. The weight of the propeller/motor combination s equal to 11.37 Ibf.

t
St 03531bm

1137 Ibf =322 sec?

The weight of the speed controller is equal to 8.05 Ibf.




image9.png
2ft

8.05 Ibf = —%
sec

% 0.25 lbm

With the forces from the weights calculated, the moments can now be calculated accurately and precisely.
The moment from the motor/propeller combination is equal to 93.576 bf - in while the moment of the
speed controller is equal to 33.528 Ibf - in.

93.576 Ibf - in = 8.23 in x 1137 lbf

33.528bf + in = 4.165 in x 805 Ibf

In order to get an accurate bending stress calculation, it is important that the moments are summed
together for a total bending moment calculation.

Z M = 93576 Ibf - in + 33.528 Ibf - in = 127.104 Ibf - in

Once the sum of the moments has been calculated, the distance to the centroid is equal to 4.165 in, and
the moment of inertia for the arm must be calculated in order to get the bending stress.

Tm@r? +h?) 8]

Where m is the mass of the arm which is equal to 0.095 Ibs, r is equal to the radius of the arm which is
0.3704 inand h is the length of the arm equal to 8.23 in.

1
(095 lbm)[3(.3704 in)? + (823 in)?] = 3.24 in*

(127.104 Ibf - in)(4.165 in)

T =16339 psi

Obend =
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