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Abstract 
 
This document is the Critical Design Review Report for the Northrop Grumman Collaboration Project Med ï Evac 
Aircraft (MEA) rescue drone. This document will go through the design description, justification and logistics of the 
detailed design of this project. The goal of this multirole aircraft is to be able to suppress a simulated fire and to interface 
with an automated ground vehicle to pick up a simulated wounded individual and safely transport the individual to a 
designed area. The document describes the MEA droneôs primary mission objectives of fire suppression and payload 
transportation in the context of a mock rescue, and then describes how each of the droneôs sub-assemblies satisfy 
these requirements or work in concert to do so. To provide justification for the claims of the designôs functionality, 
results of detailed analyses on the strength and stiffness of the system and its ability to properly actuate its payload 
retrieval and fire suppression systems have been described in this Critical Design Review. Additional content on the 
planned manufacturing and assembly process of the drone are outlined. The last primary topic in this document is all 
future plans for testing the functionality of the drone and ensuring it has met specifications that were established as 
requirements earlier in the design process. The conclusions reached from the in-depth analysis of the droneôs 
functionality and testing of its structural prototype indicated that the drone will be able to complete all necessary 
requirements, and additionally will be an efficient aircraft platform. 
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1 Introduction 
 
 The Northrop Grumman Collaboration Project (NGCP) is a collaborative club project sponsored by Northop 

Grumman for the students of Cal Poly San Luis Obispo (CPSLO) and Cal Poly Pomona (CPP) to create a fleet of 

vehicles to aid in the simulated rescue of stranded hiker. The CPSLO club is responsible for delivering an autonomous 

flight vehicle that can suppress a fire and retrieve a payload. The Mechanical Design Team of the CPSLO team is 

responsible for the design of the frame, electronics housing, and payload and fire suppression systems. The 

Mechanical Design Team created the 

design to be discuss further in this document. This document discusses the selected design, cost, the manufacturing 

plans and planned tests to be completed on this design to ensure the customerôs requirements are fulfilled.  

Since the last design review, the mission parameters have changed from a single sortie to accomplish the mission 

(suppressing a fire and retrieving a payload from the CPP ground vehicle) to two separate sorties, one for each task. 

As for changes in the design, the core material for the composite arms has been changed from Nomex (fiberglass 

honeycomb) to high density vinyl foam (H80-Divinycell) to allow for the use of bolts, nuts, and washers to assemble 

the drone. 

 

2 System Design 
 
This section will discuss the fine details of the current design with cost estimation of the parts. 
 

2.1 Design Description 
The design scope includes the frame system, the fire suppression system, the payload retrieval system, and the 
electronics housing system. In Figure 1 below, the four sections of the design can be seen. Each of these four 
sections will be discussed in more detail in the following subsections. 
 

 
Figure 1: Full CAD assembly for the four subsystems of the drone the Mechanical Team is responsible for--the frame system, the 

fire suppression system, the payload retrieval system, and the electronics housing system. 

Formatted:  Font: Arial Narrow
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2.1.1 Frame Subsystem 
 
The first subsystem of the design is the frame system. This subsystem is comprised of several components 
summarized in Table 1 and shown in Figure 2 below. 
 

 
Figure 2: CAD model of the components of the frame system 

The top and bottom plates will serve as central structural components. The top plate will be a mounting surface for 
the fire suppression system and electronics housing, and the bottom plate will be a mounting surface for the winch 
box. The arms extend outward to hold the propulsion motors, so the propellers will have proper clearance from other 
components. The motor cuffs will fit around the ends of the arms, and they will provide a flat surface for easy 
installation of the propulsion motors. The frame is 47 inches wide, from motor cuff to motor cuff. The legs will be each 
be attached to the arms with one bolt, but they will not rotate due to the extrusions that fit around the arms. 
 

Table 1: Frame Subsystem Component Summary 

Label in Figure Component Name Quantity Brief Description 

1 Long Arm 1 
Supports two motors and provides structural 
support to drone 

1 Short Arms 4 
Supports one motor each and provides structural 
support to drone 

2 Legs 6 
Supports drone on landing and take-off as well as 
insulate the carbon fiber from ground contact 

3 Top Plate 1 
Provides structural support and mounting surface 
area 

4 Bottom Plate 1 
Provides structural support and mounting surface 
area 

5 Motor Cuff 6 Provides mounting surface for propulsion motors 

 
 

3. 5. 

4. 
1. 

2. 

Formatted  Table
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2.1.2 Fire Suppression Subsystem 
 
The next subsystem is the fire suppression system. It includes several components that help to restrain and actuate 
the Kidde FA110G 2.5lbs. fire extinguisher. In Table 2, the components of the fire suppression system, the respective 
quantities, and a brief description of their functions is shown, as well as their respective figure labels (in Figure 3). 
 

Table 2: Fire Suppressant Subsystem Components 

Label in Figure Component Name Quantity Brief Description 

1 
Kidde FA110G 2.5lb 
Fire Extinguisher 

1 Fire extinguisher unit 

2 Short Link 1 
Attaches to fire extinguisher handle and 
long arm 

3 Long Link 1 
Attaches to short arm, rides in the slot 
guide, and connects to the fire system 
spool via a cable 

4 Slot Guide 1 
Ensures long arm and short arm follow 
linear paths 

5 
Fire Extinguisher 
Brackets 

2 
Hold the fire extinguisher and fire system 
motor to top plate of drone 

(Not shown) Cable 0.5 ft 
Wraps around the fire system spool and 
connects to the long arm 

6 Fire System Spool 1 Connects cable and small motor 

7 
Small Motor 

1 
Supplies torque to the cable to pull the fire 
extinguisher handle. 

 
In Figure 3, the components of the fire suppression system are labeled and colored to help identify each component. 

When the camera (part of the clubôs software-computer engineering sub-teamôs responsibility) sees the ófireô, it will 

send a signal to the small motor (7 in Figure 3) to start spinning, which will spin the spool (6 in Figure 3), and in turn, 

wrap the cable around the spool. This will pull the long link (3 in Figure 3) along the slot guide (4 in Figure 3), and 

being that the long link is connected to the short link (2 in Figure 3), the short link will also get pulled backwards. The 

short link will be connected to the lever of the fire extinguisher (1 in Figure 3), which should release the fire 

suppressant powder. The fire extinguisher and the small motor are secured to the top of the drone via the fire 

extinguisher brackets (5 in Figure 3). These brackets have the same geometry basisðthe rear bracket has an 

additional feature that allows the small motor to be secured and place the spool at the required height. 

 

All components in Table 2Table 2 (excluding the fire extinguisher and the small motor) will be 3-D printed out of 

polylactic acid (PLA) to help with maintain minimum subsystem weight and (relative) ease of manufacturing. 

 

Formatted:  Font: 11 pt
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Figure 3: CAD model of the components of the fire suppression system 

2.1.3 Payload Subsystem 
 
 
The third subsystem is the payload retrieval system, which is composed of the winch subsystem and the payload 

retrieval platform subsystem. The components for the two subsystems can be seen in Table 3 with their quantity, 

figure label and a brief description of each. Figure 4 shows the components of the retrieval mechanism. 

 
Table 3: Payload Retrieval Mechanism Components 

Label in Figure Component 
Name 

Quantity Brief Description 

1 
Winch motor 1 The motor will turn the winch shaft and wrap the cord, 

raising and lowering the payload platform 

2 
Winch cage 1 Mounts the winch to the frame and houses the winch 

motor 

3 Bearing 1 Supports the shaft in the winch cage 

4 Shaft 1 wind the cords to raise or lower the payload platform 

5 
Motor-Shaft 

coupler 

1 Translates the rotation from the winch motor to the shaft 

6 
Bottom 

Platform 

1 Platform to support payload 

7 Long wall 2 Walls to help locate and contain payload 

8 Short wall 2 Walls to help locate and contain payload 

9 
Truss 1 Rigid structure to facilitate the vertical motion of the 

payload and minimize cord entanglement 

(Not Shown) Cord 25ft To connect truss to walls and truss to shaft 

2. Short Link 
3. Long Link 4. Slot Guide 6. Fire System 

Spool 

1. Kidde Fire 
Extinguisher 
 

7. Small Motor 

5. Fire Extinguisher Brackets 
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Figure 4: Sketch of Retrieval Mechanism System. 

The winch cage, truss, and payload platform assembly will all be 3-D printed out of PLA to allow for quick 
manufacturing and to maintain low assembly weight. The shaft will be made of metal to support the weight of the 
payload platform assembly and to mitigate deflection while raising or lowering the payload. 
 

2.1.4 Electronics Housing Subsystem 
 
The final subsystem is the electronics housing. The components of this subsystem are shown in Table 4. The 

structures of this subsystem will be 3-D printed in PLA to reduce weight and manufacturing time.  

 

1. Winch motor 

2. Winch cage 

3. Bearing 

4. Shaft 

5. Motor-shaft coupler 

8. Short wall 

6. Bottom 
Platform 

7. Long wall 

9. 
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Table 4: Electronics Box Components 

Label in Figure Component 

Name 

Quantity Brief Description 

1 Box 1 
1 Three walled compartment to shield electronics from 

water 

2 Box 2 
1 Three walled compartment to shield electronics from 

water 

3 Box 3 
1 Three walled compartment to shield electronics from 

water 

4 Box 4 
1 Three walled compartment to shield electronics from 

water 

5 Box 5 
1 Three walled compartment to shield electronics from 

water 

(Not Shown) Lid 1 1 Rigid plate to cover to the three walled compartment 

(Not Shown) Lid 2 1 Rigid plate to cover to the three walled compartment 

(Not Shown) Lid 3 1 Rigid plate to cover to the three walled compartment 

(Not Shown) Lid 4 1 Rigid plate to cover to the three walled compartment 

(Not Shown) Lid 5 1 Rigid plate to cover to the three walled compartment 

(Not Shown) Cushioning TBD To isolate sensitive electronics from vibrations 

 

The electronics housing will consist of five individually printed containers. The containers will be arranged in a U-

shape around the fire suppression system. To allow clearance for the bolt heads protruding from the top plate, the 

floor of the electronics housing will be raised. It will be attached to the top plate by bolting it through the mounting 

legs. A waterproof lid will be placed on top of the electronics housing; it is easily removable for fast access to the 

electronics. Figure 5 shows the features of the electronics housing. 

 
Figure 5: CAD model of the electronics housing 

 

1. Box 1 

2. Box 2 

3. Box 3 4. Box 4 

5. Box 5 
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2.2 Design Function 
 
The following subsections will discuss the functions of the respective systems and how each one is designed to 
achieve its respective functions. 
 

2.2.1 Frame System 
 
The frame system has the primary function of providing stable support to the propulsion equipment. This will be 
achieved by six arms that will be bolted to two plates. The narrow arms provide support the propulsion motors while 
presenting minimal interference of the rotor sweep area. Wider arms would limit the amount of thrust due to the larger 
surface area of the arms blocking the air flow of the rotors. The two plates (top and bottom) sandwich the arms and 
help to provide stiffness to the arm structure as well as prevent the arms from buckling at the center. 
 
The secondary function of the frame system is to provide surface to mount the required mission equipment, which 
includes the fire suppression system, the sensor package, the electronics housing system, and the payload retrieval 
system. The frame achieves this secondary function via the top and bottom plates. The top plate provides surface to 
mount the fire suppression system along with the electronics housing system. The bottom plate allows the payload 
retrieval system and the sensor package to be securely mounted to the frame system. 
 

2.2.2 Fire Suppression System 
 
The primary function of the fire suppression system is to autonomously dispense the fire suppressant (when 
prompted to do so via the sensor package and electronics of the drone). This is achieved by mounting a small motor 
with a spool to the fire extinguisher bracket (which is bolted to the frame system via the top plate). The spool is 
connected with a strong polymer cable to a simple two-bar linkage, which in turn, is bolted to the active lever of the 
fire extinguisher. When the sensor package confirms the presence of the fire, the electronics system will send a 
signal to the small motor which will wind up the cableðand thus depress the lever and actuate the fire extinguisher.  
 

2.2.3 Payload Retrieval System 
 
The primary function of the payload retrieval system is to securely contain and transport a payload of approximately 
1.5lbs and 5in x 8in x 5in in size. This will be achieved by using a simple hinged box as the platform to contain the 
payload and a winch system to raise and lower the payload platform. This box will be comprised of a base, four walls, 
and a truss, all of which will be 3-D printed out of PLA. The base and the four walls will have holes printed into them 
so that the team can attach the walls to the base by hand-sewing nylon webbing, which also acts as hinges. 
 
The winch portion of the payload retrieval system will also have a 3-D printed part, which will act as the winch motor 
mount and as a support to the winch shaft, it will have three open sides to allow for easy maintenance of the winch 
motor and shaft as well as reduce the component weight of the drone.  
 

2.2.4 Electronics housing   
 
The electronics housing provides a removable enclosure to protect the droneôs electronic components. The clip-on 
lids allow quick access into the electronics housing, allowing for easy replacement or maintenance of the electronic 
components such as batteries and microcontrollers. The electronics boxes are waterproof, although there will be 
holes in the boxes for wires, the holes will be on the bottom of the boxes so water will not be able to fall inside the 
box. Padding material in the electronics housing will serve to isolate the electronic components from the frameôs 
vibrations. 
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2.3 Cost Estimate 
 
The budget for the mechanical team was $4000, and the club overall had a budget of $7000. A breakdown of what 
components were used and how the money was spent can be seen in Appendix A and Appendix B, respectively. The 
current final estimated cost for the drone is $3000. This cost is estimated due to the price of carbon fiber not being fully 
described. The current carbon fiber estimate is based on estimated total surface area of material, using the price point 
of $30 per square foot.  
 

3 Design Justification 
 
This section goes over how the design will meet the design requirements previously derived in the Scope of Work. 
 

3.1 Meeting Design Specifications 
 
This subsection shows how the top concept design will meet each of the design specifications derived for this project. 
In Appendix D, the full failure mode and effects analysis (FMEA) can be seen, which discusses the foreseeable 
points of failure in the design and the downrange effects these would have on the system overall. Ideally, no part of 
the design would fail, however, some systems are more catastrophic to the mission, like a frame failure. After working 
through the FMEA, the team has increased awareness of the critical failure points of the design.  
 
For convenience, Table 5 shows the specifications we delivered in the scope of work with some modifications to 
handle a change in specifications as requested by our Aerospace Team.   
 

Table 5: Table containing the engineering specifications that will drive the drone design. The table includes abridged descriptions 
of the specifications along with requirements and tolerances. 

Specification 
#   

Parameter Description  Requirement/Target  Tolerance  Compliance** 

1 Full Weight of Drone   Less than 55 lbs.  Exact Limit  A,I,S 

2 
Effective Diameter of 
Drone  

 Less than 10 ft  Exact Limit  
I 

3 Equipment Weight   10 lbs. Maximum  + 1lbs Max  A,I 

4 
Time to Access 
Electronics  

 No more than 1 minute  Exact Limit  
T 

5 

Ensure no structural 
failures 

Modified requirements: 
 

i. Landing gear preferably be 
able to withstand a drop 
from 10 feet when the 
impact is distributed 
between all six legs and 
being able to withstand a 
drop from 3 feet when 
landing on one leg 

 

Exact limit with 
safety factors in 
the 
requirement/target. 
 
 
 
 
 
 
 
 
 

A, I, T Formatted  Table
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Compliance** is defined as: Analysis (A), Test (T), Similarity to Existing Designs or Codes (S) and Inspection (I). 
Table 5 (Continued): Table containing the engineering specifications that will drive the drone design. The table includes abridged 
descriptions of the specifications along with requirements and tolerances 

Specification 
# 

Parameter Description Requirement/Target Tolerance Compliance** 

5 
Ensure no structural 

failures 

ii. Strength of material 
not reached during 
maximum thrust from 
motors with a safety 
factor of 2 

iii. Maximum deflection of 
arm within an 
acceptable limit that 
will not reduce flying 
capabilities 
substantially 
(determined to be a 
maximum of 0.25 in) 
 

v.iv. Natural frequency 
substantially under any 
critical rotor frequency 

 
vi.v. Safety factor of 4 to 

maximum stress and 
deflection for a 
dynamic response at 
critical frequencies 

Exact limit with 
safety factors in 
the 
requirement/target. 
 
 
 
 
 
 
 

 A, I, T 

6 Flight Time 15 Minutes or greater Exact Limit T,I 

7 Payload Capacity 1lbs +/- 8 oz T,I 

8 Area of Extinguishing 3ft x 3 ft +/- 0.5 ft I 

9 
Displacement of payload 

during flight 
Less than 1 inch +/- 0.5 inches A,I 

10 
Amount of non-

waterproof materials 
0 Exact Limit I 

11 Number of pinch points 0 Exact Limit I 

Formatted  Table

Formatted:  Indent: Left:  0.5",  No bullets or numbering
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Compliance** is defined as: Analysis (A), Test (T), Similarity to Existing Designs or Codes (S) and Inspection (I). 
 
The following list layout how the team will meet the specifications listed in Table 5 above. 

1. Weight of the drone and its components are minimized, and the drone will be weighed prior to flight. 
2. The minimum diameter of the drone set by the Aero team to be 47.5 in without rotors and 67.5 in with 

rotors which falls within this limit and exact measurement will be measured once frame is assembled. 
3. The components of the drone (fire system, retrieval system, and electronic boxes) has been designed for 

the minimum weight that permits them to complete their functions, and the components will be weighed. 
4. Access time to the electronics can be measured from the time the drone is at rest (rotor not spinning) on the 

ground/workbench to when the electronics box is opened (using a stopwatch). 
5. Using FEA modeling, impact load equations, and material properties testing, the 

team will ensure the drone is not likely to break during the expected operation. This is further explored in 
section 3.1.1. 

6. Testing is dependent on Aero team. 
7. The expected weight of the payload unit from Pomona is roughly 1lb, and the 

retrieval mechanism is designed to weigh 2.8lbs with a motor that is rated to lift 32lbs at the shaft. This is 
further explored in section 3.1.2. 

8. The area of extinguishing of the selected fire extinguisher is rated to cover 10,000 sq. ft. according to This is 
further explored in section 3.1.3. 

9. The payload platform has been sized to allow minimal linear displacement during flight. Visual inspection of 
the payload tray while being secured. 

10. Design uses waterproof/water-resistant materials. 
11. Pinch points in retrieval tray have been minimized by virtue of the design and 

any necessary ones will be covered. 
 

3.1.1 Design specification: Ensure no structural failures. 
 
The impact force was calculated by deriving the impact time from the speed of sound in a given solid [1]. The 
calculations are presented in Appendix C. In Figure 6, the normal compressive stress and the safety factor are 
plotted as functions of the height of a drop when the impact occurs on one leg and the impact is perfectly plastic. The 
safety factor was determined by the maximum impact force of PLA being 4.1 ft-lb/in. [2]. 
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Figure 6: Normal compressive stress and safety factor for a perfect plastic impact. 

In Figure 7, the normal compressive stress and the safety factor are plotted as functions of the height of a drop when 
the impact occurs on one leg, and the impact is perfectly elastic. 

 
Figure 7: Normal compressive stress and safety factor for a perfect elastic impact. 
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For the plastic impact, the kinetic energy before impact was assumed to be converted to work done during 
deformation [3]. When considering a perfect elastic impact, the change in momentum was used to determine the 
force [1]. The maximum height for a safety factor of 1 was found to be 8.35 feet for a perfect plastic impact and 1.31 
feet for a perfect elastic impact. When dropping from 10 feet and having the impact force distributed between all six 
legs of the landing gear, the safety factor was calculated to be 5.55 for a perfect plastic impact and 1.37 for a perfect 
elastic impact. However, the actual safety factor would depend on the medium in which the landing gear collides. 
Therefore, the average between these safety factors has been used for the time being, for a value of 3.46. 
 
A static analysis of the maximum stress and deflection of one arm under maximum thrust from the motors was 
performed using the finite element method in Abaqus. The results were validated with beam theory and are available 
in Appendix C. The material properties used in the analysis are listed in Table 6. 
 

Table 6: Engineering constants used for analysis. 

E1 [GPa] E2 [GPa] G12 [GPa] v12  [-] 

150 150 5 0.25 

 
The analysis assumed a uniform load distribution from the motor thrust, rather than point loads, to avoid stress 
concentrations. The maximum thrust from a single motor was calculated to be 13.2 pounds of force. The arm was 
fixed at the hub and modeled using quadratic tetrahedral elements with a seed size of 0.2 inches. The total number 
of elements used in the analysis was 17745, with two elements noted as distorted. The results of the analysis, in 
terms of von Mises effective stress, are presented in the form of a contour plot in Figure 8.  

 
Figure 8: Contour plot of effective Von Mises stress of one drone arm during maximum thrust from a motor. 

The results of the analysis showed that the maximum effective von Mises stress was 3.764 ksi, located at a specific 
node labeled as *. The carbon fiber laminate material used has a tensile strength of 264 ksi, resulting in a safety 
factor of 70.14. However, it should be noted that the stress concentrations that may occur at sharp corners may be 
less pronounced in the actual design, as the edges are somewhat curved in reality [4]. To provide a more accurate 
representation, the maximum von Mises stress values were also analyzed at three and six nodes from the node with 
the maximum value. These results showed a von Mises stress of 3.018 ksi and 2.595 ksi, respectively. The maximum 
effective von Mises stress and corresponding safety factors for each node are presented in Table 5. 
 

Table 5: The maximum effective von Mises stress and safety factor to tensile strength at node *, 3 nodes from * and 6 nodes from *. 

 Node * 3 Nodes from * 6 Nodes from * Tensile Strength 

ʎ  ËÓÉ 3.76 3.02 2.60 264 

.  70.1 87.4 102 1 
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The data from Table 5 supports our design by indicating that the design should not fail when used within the 
expected parameters and use cases. When considering that the plates on top and bottom would add more stiffness, 
this safety factor increases. A sample calculation of how this is calculated is shown in Appendix C. These values are 
significantly higher than the target safety factor of 2. The contour plot for the deflection is shown in Figure 9. 

 
Figure 9: Contour plot of deflection of one drone arm during maximum thrust from a motor. 

The results of the analysis indicated that the maximum deflection was 0.0291 inches. This value is considered to be 
within acceptable limits and is not expected to significantly impact the drone's flying capabilities. 
 
The natural frequency of the arm was evaluated by modeling it as a cantilever beam with end mass using Euler-
beam theory [5]. The resulting natural frequency was determined to be 41 Hz. This value is important as it helps to 
ensure that the arm does not resonate with the motor frequency, which is approximately 60 Hz during hovering. By 
calculating the natural frequency of the arm and comparing it to the motor frequency, the team can ensure that the 
arm will not experience resonance during normal operation. This is critical to the structural integrity of the drone, as 
resonance can cause excessive vibration and lead to structural failure. 
 
A finite element analysis (FEA) model for the full drone is being developed to take a dynamic response into account 
for any critical frequencies, which would be frequencies that the rotor has over a longer amount of time or during a 
critical task. Furthermore, vibration testing for the arms is being planned. 
 

3.1.2 Design specification: Payload capacity 
 
The winch and retrieval tray will be tested by loading the retrieval tray with a payload of 1 lbs. The winch motor will 
then be actuated and will be watched to ensure the raising and lowering of the retrieval tray is steady and relatively 
quick. The winch motor that was selected has a lifting capacity of 32 lbf when attached to a 5 mm diameter shaft 
(Appendix C), providing a safety factor of at least 5 for the payload capacity. The reason why such a high 
safety factor was selected is that as winch cord wraps around the shaft, the shaftôs effective diameter increases. This 
means that the winch motor will have a lower lifting capacity for the same torque as the cord wraps around itself and 
the shaft. Regardless, the high safety factor ensures that the winch will be able to lift the payload.  
 

3.1.3 Design specification: Area of suppression 
 
The fire system has been assessed for incidental rotor wash dispersing the fire suppressant too widely. Two trials, 
one with an 18-inch fan to simulate the rotor wash and one without, showed that while the rotor wash did disperse the 
suppressant, there was sufficient suppressant coverage over the target area when the fire system was actuated at 65 
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inches above the target. Further testing of the actuation mechanism is needed and will be done as the mechanism is 
a part of the structural prototype. 
 
Testing of the fire actuation system was done by printing the designed components (fire brackets, linkages, slot 
guide, and spool) and using a depressurized fire extinguisher (Kidde FA110G). The desired cord that connects the 
linkage to the spool was not used as the order did not arrive in time; however, the ordered cord has a higher tensile 
strength and should pose no extra risk of failure. This test provided additional confirmation for the design, as the 
motor was able to fully depress the pin under the active lever by applying a minimum of 7 lbs of force, which is the 
standardized force for a hand-held fire extinguisher [6]. The motor was also able to maintain sufficient force on the 
active lever for the required 20-second timeframe in which the suppressant would be released from the canister. This 
test also highlighted the need to have the computer/software team write a motor profile to limit the speed of the 
motor, as the motor used during testing would only run at full speed and for much longer than the fire actuation 
system would require. 
 

3.2 Safety, Maintenance, & Repair 
 
This section discusses the expected safety, maintenance, and repair concerns and processes involved with the 
construction and operation of this drone. 
 

3.2.1 Safety 
 
The greatest hazard that is to be anticipated will be the drone falling on a person. During all regular testing and 
operation, the drone will be flown at a RC-vehicle airstrip and will be entirely autonomous. Additionally, no personnel 
will be allowed under or near the drone while it is powered up or in flight as to not have the drone fall or people to cut 
them with its propellers. The flight path for the drone and the greater area around it have no buildings, so there can 
be no damage to extraneous property. The drone will have all of its electronics stored in contained waterproof boxes 
with no live wires or contact points open to human contact.  
 

3.2.2 Maintenance  
 
During component maintenance, the propeller motors will not be armed to ensure there is no chance of accidental 
rotor actuation or harm to the people working on the drone. The winch box is designed so that the winch motor and 
shaft are easily accessible. The winch box has a very open architecture with walls on only two sides; this allows 
space for the usage of tools (such as a wrench to tighten the bolts on the ceiling of the winch box) inside the winch 
box. Furthermore, it provides high visibility of the winch mechanismôs components, making them easy to see and 
manipulate when maintenance is needed. The winch box payload subassemblies are removable because they are 
attached to the frame with bolts that can be unscrewed. 
 
The electronics boxes have easily removable clip-on lids allowing for fast access to electronic components for 

maintenance, such as replacing a battery. Furthermore, the electronics boxes can be individually removed from the 

drone frame by unscrewing bolts. Users can quickly remove the electronics boxes, perform maintenance on the 

electronics, and bolt the electronics boxes back onto the frame.  

 

The fire extinguisher can be quickly replaced by loosening its straps, sliding it out of the bracket, and inserting a new 

fire extinguisher. The fire extinguisher bracket can also be removed from the drone frame in case it is not needed for  

the payload retrieval sortie. The removal of the fire bracket can be achieved by unscrewing the bolts that attach it to 

the frame. 

 

The frame assembly does not require any maintenance, but the camera mount can be removed if not needed. 
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3.2.3 Repair 
 
As stated before, the drone assembly is designed so that all the individual components can be replaced as needed. 
This means that the drone and its components will be fastened by bolts, rather than permanent fastening methods 
such as a bonding adhesive. For example, if one arm were to break, that arm could be removed from the frame and a 
new arm could be bolted onto the frame to replace it. Although using bolts instead of a bonding adhesive leads to a 
slightly higher frame weight, the weight is still at an acceptable level and the ease of repair resulting from having 
removable bolts is worth the slight weight increase.  
 

3.3 Remaining Concerns 
 
The analysis of the crash-landing scenario is a preliminary assessment of the impact forces generated and should be 
considered in conjunction with further analysis and testing. Further investigation may be necessary to quantify the 
impact forces more accurately and to determine the full structural response of the drone in the event of a crash 
landing. It is important to note that in a controlled environment this would not occur, and this is just an analysis of the 
worst-case scenario. 
 
The static analysis of one arm of the drone was performed under maximum thrust from the motors. The results were 
validated using classical beam theory and found to yield a safety factor of 7 is more than adequate. In addition, 
the natural frequency of the arm was calculated and found to be lower than any frequency generated by the rotors 
during normal operation. However, a dynamic analysis, including the full drone frame, must be conducted for a more 
comprehensive understanding of the structural rigidity of the drone. A finite element analysis (FEA) model is being 
developed to consider these factors, although it has yet to be finalized. Furthermore, to verify a future dynamic 
analysis of the frame, a vibration test should be conducted on the arms to find the excitation frequencies of the arms. 
Despite this, the static analysis of one arm and the calculation of its natural frequency have produced results that 
give the team confidence in the current design. These results suggest that the structure will not approach its yield 
strength and that the natural frequency is not close to any critical frequency. 
 
In the analysis, the material properties used were not representative of the actual properties of the material to be 
used. To obtain accurate mechanical properties of the composite, a tensile strength test will be performed, and the 
results will be utilized for subsequent analysis. However, the properties utilized in previous analyses were determined 
to be relatively close to the actual properties, and the error from using these properties would not change the design 
choice due to the satisfactory safety factors established in the current analysis. 
 

4 Manufacturing Plan 
 

4.1 Procurement 
 
The required materials will be sourced via online orders, in-store purchases, and from the composites lab and NGCP 
workroom on campus. The team would like to have all materials ordered by the end of February of 2023 so that 
assembly and any modifications can be made early. The foam core material (H80 foam) has been purchased at a 
local distributor and the rest of the carbon fiber weave will be purchased from the composites lab. The fasteners will 
also be source locally at hardware stores, as will the fire extinguisher and actuation cable. The 3-D printed 
components will either be printed at the shops on campus or on personally owned printers of the team. 
 

4.2 Manufacturing 
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There will be a variety of different manufacturing processes used in the construction of this project, from carbon fiber 
lay-ups to 3D printing. A summary table of the anticipated manufacturing methods can be viewed in Appendix F. The 
frame will be carbon fiber beams and plates; the electronics box, payload retrieval tray, winch cage, and several 
components in the fire suppression system will be 3D printed (likely PLA); and the propulsion motor brackets will be 
made by modifying aluminum bar stock. All manufacturing steps are outlined in Appendix G. 
 

4.3 Assembly 
 
The entire assembly process for the drone is detailed in Appendix G. The process involves assembling the drone based 
on its current mission sortie. The drone is assembled through its four  sub-assemblies. The only assemblyôs dependent 
on the selected mission sortie are the fire system and the payload system. The payload systemôs winch box must be 
incorporated during the assembly of the frame system to properly integrate it. There are no other dependencies in 
assembling the drone. 
 
 

5 Design Verification Plan 
 
The design verification plan established the tests that will be conducted to prove that the design will reliably meet its 
requirements. The full test plan can be seen in Appendix H with all the currently planned tests. The only test that has 
been evaluated as of this document is the Fire Extinguisher Actuation system. The test of the Fire Extinguisher 
Actuation system proved that the structural component to the design works as intended. However, the test identified 
an unforeseen complexity of programming the motor profile, which is a task that the club software team is tackling with 
input from the Mechanical team. All the tests are either testing specifications from our House of Quality or our FMEA. 
 

6 Conclusions 
 
This document outlines the details and rationale for the design of the autonomous flight vehicle that can suppress a 
fire and retrieve a payload. The engineering design specifications that were derived from the customer requirements 
in the SOW (also shown as Table 5) are shown to be fulfilled by this design, and test and analyses discussed about 
support the validity of the design.  
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Appendices 
 

Appendix A ï Indented Bill of Materials (iBOM) 
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Appendix B ï Project Budget 
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Appendix C ï Supporting Evidence 
 
Stress and deflection analysis of drone arm during maximum thrust 
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Sample calculation for stresses and deflection during maximum thrust from motors considering a plate on top. 
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Calculation for stresses and deflection during impact 
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MATLAB code 
 
Maximum stress and deflection analysis 
clear all , close all , clc  
format long  
L=23; %Length of one arm inches  
h=1.66;  
b=1.16;  
t1=0.08;  
t2=0.04;  
E=2.18*10^7;  
S=(h/2 - t1)^2/2*2*t2+((h/2)^2 - (h/2 - t1)^2/2*b)  
F=13.2;  
I_y=b*h^3/12 - ((b - 2*t2)*(h - 2*t1)^3/12);  
sigmax_max=F*L*h/(2*I_y);  
tau_xz_max=F*S/(I_y*2*t2);  
delta=F*L^3/(3*E*I);  
 

Natural frequency of arm 
clear all , close all , clc  
format long  
E=1.5E07 
h=1.66;  
b=1.16;  
t1=0.08;  
t2=0.04;  
I_z=h*b^3/12 - ((h - 2*t1)*(b - 2*t2)^3/12)  
m_beam=0.00523; %slugs 
m_end= 0.01829; %slugs 
L=11; %in 
f1=1/(2*pi)*sqrt((3*E*I_z)/((0.2235*m_beam+m_end)*L^3)) %Cantilever with end mass 
formula to find first eigenfrequency  
 

Impact force  
https://www.researchgate.net/profile/Pabasara -
Rathnaweera/post/what_is_the_compressive_strength_of_PLA/attachment/59d64ed379197b807
79a8174/AS%3A494648244137984%401494944739534/download/MakerBot_R__PLA_and_ABS_Strengt
h_Data.pdf  
 
clear all , close all , clc  
format long  
E=4.107*10^9;  
rho=1240;  
m=14; 
L=0.20574;  
g=9.82;  
A=0.0254*0.0381;  
sigma=sqrt(E/rho)  
 
%Maximum impact compression strength for PLA  
F_impact_ult =218.853*10^3; %N 
sigma_c_impact_ult=F_impact_ult/A %Pa 
 
%Perfect Elastic impact  
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h=[0:0.005:0.5];  
F_impact_elastic=m*sigma*sqrt(2*g*h)/L;  
sigma_normal_elastic=F_impact_elastic/A;  
safety_elastic=sigma_c_impact_ult./sigma_normal_elastic;  
subplot(2,1,1)  
stem(h, sigma_normal_elastic/(10^6))  
title( 'Perfect Elastic impact (perfect bounce)' )  
ylabel( 'Normal compressive stress [MPa]' )  
xlabel( 'Height [m]' )  
subplot(2,1,2)  
stem(h, safety_elastic)  
ylabel( 'Safety factor' )  
xlabel( 'Height [m]' )  
%Maximum height plastic impact  
h_max_elastic=(F_impact_ult*L/(m*sigma*sqrt(2*g)))  
 
%Perfect plastic impact  
h=[0:0.025:3];  
F_impact_plastic=m*sqrt(2*g*h)*sigma/(4*L);  
sigma_normal_plastic=F_impact_plastic/A;  
safety_plastic=sigma_c_impact_ult./sigma_normal_p lastic;  
figure  
subplot(2,1,1)  
stem(h, sigma_normal_plastic/(10^6))  
title( 'Perfect plastic impact (no bounce)' )  
ylabel( 'Normal compressive stress [MPa]' )  
xlabel( 'Height [m]' )  
subplot(2,1,2)  
stem(h, safety_plastic)  
ylabel( 'Safety factor' )  
xlabel( 'Height [m]' )  
%Maximum height plastic impact  
h_max_plastic=(4*L*F_impact_ult/(m*sigma*sqrt(2*g)))^2  
 
%10m/s impact  
v_impact=10;  
F_impact_elastic_20=m*sigma*v_impact/L/6  
sigma_normal_elastic_20=F_impact_elastic_20/A  
safety_elastic_20=sigma_c_impact_ult/sigm a_normal_elastic_20  
F_impact_plastic_20=m*v_impact*sigma/(4*L)/6  
sigma_normal_plastic_20=F_impact_plastic_20/A  
safety_plastic_20=sigma_c_impact_ult/sigma_normal_plastic_20  
 
%Dropping from 10 feet  distributed between 6 legs  
h=3.048 ;  
legs= 6;  
F_impact_elastic _h=m*sigma*sqrt(2*g*h)/L/legs;  
sigma_normal_elastic_h=F_impact_elastic_h/A;  
safety_elastic_h=sigma_c_impact_ult./sigma_normal_elastic_h  
F_impact_plastic_h=m*sqrt(2*g*h)*sigma/(4*L)/legs;  
sigma_normal_plastic_h=F_impact_plastic_h/A;  
safety_plastic_h=sigma_c _impact_ult./sigma_normal_plastic_h  
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Calculation for lifting capacity of winch motor. 

 
 
 
 
Calculation for first natural frequency of arm. 

 

 


























































