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[bookmark: _Toc386801304]DISCLAIMER
This report was prepared by students as part of a university course requirement.  While considerable effort has been put into the project, it is not the work of licensed engineers and has not undergone the extensive verification that is common in the profession.  The information, data, conclusions, and content of this report should not be relied on or utilized without thorough, independent testing and verification.  University faculty members may have been associated with this project as advisors, sponsors, or course instructors, but as such they are not responsible for the accuracy of results or conclusions.
[bookmark: _Toc472068875][bookmark: _Toc484366957][bookmark: _Toc491781820][bookmark: _Toc386801305]EXECUTIVE SUMMARY

This report serves the purpose of documenting the progress of the design and manufacture of a gimbal for an unmanned aerial vehicle (UAV) antenna. The purpose of this project is to make the tracking of wild animals faster, easier, and more accurate. The client, Dr. Michael Shafer, through the Dynamic and Active Systems Lab (DASL), is in the progress of designing a UAV capable of carrying a directional antenna that can detect the source of very high frequency (VHF) telemetry tags on animals. However, the current design only allows for the antenna to be mounted parallel to the ground. Due to the radiation pattern of the antenna, it has been determined that more accurate data can be collected if the device was able to pitch towards the ground. This task of pitching the antenna was entrusted to team D1 of the Northern Arizona University Capstone 2017-2018 team. To successfully complete this project, the team created a gimbal device that allows the antenna to rotate up to 45°. This motion was done in one of two modes, where the user may either enter a specific desired angle, or through a constant sweeping motion. The antenna is able to confirm its angle position and relay it back to the user in real time. More specific requirements are further discussed in this report such as weight and size restraints. 

Working towards the objective of the project, the team created a linkage system. This design consists of two points of connection between the UAV and antenna. The first point is towards the back of the antenna and acts solely as a sliding pin connection. This is achieved through two mounting brackets and a pivot base that attaches around the body of the antenna. The linkage towards the front of the system is the portion that controls movement. This system consists of four mounting brackets and a pivot base, however, on either side of the antenna is a rigid bar. One end of the rigid bar attaches directly to the pivot base, while the other goes through the mounting brackets. One rigid arm is connected to a horn of a small servomotor. As this motor rotates, it forces the bar to rotate respectively along with the antenna, due to the connection through the pivot base. With this design, the team is able to easily modify the achievable angle, by changing the distance between mounts, or the length of the rigid bar. The overall estimated cost of this mechanism comes in just under $200, well within the $500 dollar budget for the team. This margin allowed the team the potential to buy a lighter weight, more efficient motor, create more prototypes for testing, and provide the client with spare parts. 

The manufacture of the design described above was implemented through several phases of prototyping, followed by extensive testing. During assembly, many problems were encountered which resulted in a corresponding design change. All testing was first conducted on the ground to ensure no malfunctions cause damage to the client’s pre-existing UAV. After the device was proven to work successfully on the ground, the team may attach it to the UAV for field testing. A detailed schedule of implementation as well as a detailed description of design alterations during the manufacture has also been included in this report. 
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[bookmark: _Toc386801306]BACKGROUND
[bookmark: _Toc472068879][bookmark: _Toc484366961][bookmark: _Toc491781824][bookmark: _Toc386801307]Introduction
[bookmark: _Toc472068880][bookmark: _Toc484366962][bookmark: _Toc491781825]Animals of every major group migrate such as mammals, reptiles, birds, etc. To better understand the lives and traits of these animals, scientists track their migration pattern. Wildlife is tracked using Very High Frequency (VHF) telemetry tags. Traditionally, humans spend hours in nature triangulating signals coming from the tags on the wildlife. This process can be both time consuming and strenuous. The Dynamic and Active Systems Lab (DASL), led by Dr. Michael Shafer is currently developing an Unmanned Aerial Vehicle (UAV) with a Telonics RA-23K VHF antenna, to make the tracking of wildlife easier and more efficient. Rather than humans tracking through forests, a UAV can fly above the forest canopy to locate the source of a signal. However, the antenna is not able to properly receive data if a tag is below the UAV and therefore not within the radiation pattern. Therefore, the D1 Capstone team was tasked with creating a gimbal system for the user to control the angle of the antenna while the drone is in flight. The system is also able to report the angle of the antenna back to the user to ensure accurate and reliable data. The goal of this project was to make the collection of data faster, therefore allowing the user to be more productive in the tracking of animals. This system is of interest to the DASL because the ability to angle and rotate the antenna will remove the need for the UAV to pitch, ultimately making flight more stable. By creating a system that can pitch the antenna while the UAV remains stable allows the user to receive more accurate data on the location of tags. Overall this assists in resolving ecological research paradigms, as wildlife tracking will be fast and efficient. The next section will further describe the project.
[bookmark: _Toc386801308]Project Description
[bookmark: _Toc472068886][bookmark: _Toc484366968][bookmark: _Toc491781831]The following is the original project description provided by the sponsor:

“The Dynamic and Active Systems Lab is currently developing an unmanned aerial vehicle for use in tracking small wildlife using VHF radio beacon tags. The project team would like to be able to move the VHF receiving antenna on the UAV in flight. Students on this project will build a gimbal system that can rotate an antennal about a single axis continually or to a specified angle. Communication will be maintained to a flight computer, which will send commands and receive angle position information from the subsystem. Detailed requirements regarding size, weight, power, communication, etc. will be determined in the early stages of the project. The ideal team would consist of two mechanical and two electrical engineering students.” [1].

Since receiving this description, the only thing that differed is the team composition. The team consists of four mechanical engineers. Additional details have been specified by meetings with the client, which will be discussed in the next chapter of the report.

[bookmark: _Toc386801309]REQUIREMENTS
[bookmark: _Toc472068887][bookmark: _Toc484366969][bookmark: _Toc491781832]This chapter will discuss the requirements of the project including customer requirements and engineering requirements. These were weighted against each other in the House of Quality to determine the how crucial each requirement is. The chapter begins with the customer requirements explained in Section 2.1.
[bookmark: _Toc386801310]Customer Requirements (CRs)
[bookmark: _Toc472068888][bookmark: _Toc484366970][bookmark: _Toc491781833]Here the customer needs and their related importance to the project are discussed. After gathering notes from the first meeting with the client, the team formulated five needs they deemed necessary for the project. These needs included a simple, modular design, which has multiple modes of movement and can relay the angle to the user. The design should also be maintainable, as it is exposed to a high potential for damage. Each customer need is ranked on a scale from 1-5 based on what the team believed to be the most important. Each need is described thoroughly in the following subsections. 

[bookmark: _Toc386801311]Simple 
Simplicity was one of the main needs stressed by the client. It is important to have a device, which works well rather than a complicated design that fails to complete the desired task. To achieve simplicity, the device used as few linkages as possible.  On top of this, there are as few total components as possible, such as screws, bolts, plates, etc. This ensured low cost and success in the field.  The team ranked this need as a 4/5 due to the client’s insistence on a well-done and simple project rather than an incomplete and complex design. 

[bookmark: _Toc386801312]Modular
The second customer need was that the device fits on a pre-existing modular housing for the UAV. Each part shall be easily integrated with the pre-existing UAV design, ensuring the success of each flight. The modular design was important, but the team had flexibility in how their device could be mounted, so the modular design was ranked as 3/5 for importance of the customer need. 

[bookmark: _Toc386801313]Multiple modes of movement 
Another customer request was that the device moves in multiple modes. One mode is manual, controlled from the ground, in minimum desired intervals. The other mode is automatic. The operator is able to enable an automatic mode and have the gimbal move the antenna continuously on a predetermined path. Although the sweep mode would be beneficial to the client, no emphasis was directly placed on this topic; therefore it was only ranked as 2/5 for customer needs. 

[bookmark: _Toc386801314]Relay angle to user 
The most crucial customer need was that the angle of the antenna may be communicated to the client.  This information is accurate and easy to read. This requirement was crucial to the customer, because without knowing the exact angle of pitch for the antenna, the data looses accuracy and becomes meaningless. Failing to meet this need would render the project a failure; therefore it was ranked as 5/5 for importance. 

[bookmark: _Toc386801315]Maintainable 
The last customer requirement was for the device to be made with easily maintainable parts. When necessary the parts are replaceable with off the shelf parts, which are easily obtainable, or with spare parts provided by the team. When possible, 3D printing will enable recreation of parts for lower cost and ease of manufacturability.  All part files were maintained for future production. The maintainability of the device was also crucial to the project, as the device is mounted on the bottom of a drone and has the most potential for damage if a fall occurs. This means the device is easy to manage and maintain, even in the field. This led the team to rank the need as 4/5. 

Overall, the team's objective was to deliver a simple, maintainable, and modular antenna gimbal with the capability to move in multiple modes while conveying the exact angle back to the user. Engineering requirements developed based on these customer requirements will be discussed in the next section.
[bookmark: _Toc386801316]Engineering Requirements (ERs)
[bookmark: _Toc472068889][bookmark: _Toc484366971][bookmark: _Toc491781834]This section discusses the nine engineer requirements provided by the client, and further developed by the team. Each of the requirements, listed in Table 1, must be met in order for the device to successfully fulfill the project objectives. If one requirement was not met, the device becomes useless to the customer. 

Table 1: Engineering Requirements for Antenna Gimbal
	Requirement
	Target

	Rotational Range
	45

	Modes
	2

	Communication
	9600 bit/s

	Surface Area
	15 in.2

	Weight
	0.5 lbs

	Voltage
	5 V

	Cost
	$500

	Installation Time
	60 min.

	Number of Tools
	3

	Linkages
	4



Each of the requirements shown in Table 1, are further explained in the following subsections.

[bookmark: _Toc386801317]Rotational Range
The gimbal allows for no less than 45° of travel below the horizontal axis.  If possible the client preferred the gimbal to be able to travel to 90° below the horizontal axis, but it was not critical to success. The team strived to meet desired qualities, after successfully completing stated requirements.

[bookmark: _Toc386801318]Modes
The gimbal shall operate in a minimum of two modes including a sweeping mode and holding at a specific angle. 

[bookmark: _Toc386801319]Serial communication
The existing UAV is controlled through a Raspberry Pi computer. To be able to integrate the gimbal into the onboard flight controller, an Arduino microcontroller is used to control the gimbal. The Arduino system is able to communicate at a 9600 Baud rate via USB to the onboard Raspberry Pi. Without this communication, the user would not be able to control the gimbal angle or know the precise angle of the antenna. The Baud rate is measured using an oscilloscope, which the team had access to through the DASL. 

[bookmark: _Toc386801320]Surface Area
The external dimensions of the gimbal were defined by the existing modular design of the drone. For the gimbal to be used, it fits within the allotted space of the modular UAV housing. This means, the design adheres to an octagonal plate with total surface area of 15 in.2  

[bookmark: _Toc386801321]Weight
Due to the maximum payload the UAV can carry, the gimbal attachment can not exceed 0.5 lbs. Idealistically, the team created a gimbal even lighter, which allows for longer sustained flight of the UAV.

[bookmark: _Toc386801322]Voltage
The gimbal and controller must operate off the UAV’s own power supply. The team was allotted 5 V to run the gimbal system after all necessary flight component power consumptions are accounted for. To test the power the team used a digital multimeter, which they also had access to through the DASL. 

[bookmark: _Toc386801323]Cost
For this project, the team was given an ideal budget of no greater than $500.00. However, if allowable circumstances arise, the client was willing to provide funding up to $1,000.00.

[bookmark: _Toc386801324]Part Installation Time
Given the modular design of the UAV, the gimbal could either be installed or removed in no more than 60 min with a ±10 min tolerance. This ensured that the device was maintainable in the field in the case of a crash or other failure. 

[bookmark: _Toc386801325]Number of Tools
The gimbal must be maintainable. To meet this requirement, the final device must be able to be fully assembled and disassembled using no more that three tools, as the client will not have access to a large tool box in the field. 

[bookmark: _Toc386801326]Linkages
In order to maintain a simple design, the system contains less than four linkages for movement of gimbal. This requirement also kept the design maintainable, as there are fewer components to repair in the case of an accident in the field.


[bookmark: _Toc386801327]Testing Procedures (TPs)
[bookmark: _Toc472068891][bookmark: _Toc484366973][bookmark: _Toc491781835]This section outlines testing procedures to verify all engineering requirements were met by the system. The majority of the tests are either pass or fail, with no room for tolerances. Each test is described in the following subsections.

[bookmark: _Toc386801328]Rotational Range
The angle of travel must to go from 0° (horizontal) to 45° below horizontal. This was tested within the modular plates of the UAV to ensure correct angles are achieved. It was measured using the angle reported by the system and approximated with a protractor and by eye to ensure a correct reading from the system.
[bookmark: _Toc386801329]Modes of Rotation
The device was tested for both stepping modes and continuous motion. This was performed with the motor outside of the assembly. The team ran a program, telling the motor to go to either move to a specific angle, or continuously sweep from 0° to 45°. The motor was then installed into the system and tested with all components to ensure correct function inside the UAV assembly. 

[bookmark: _Toc386801330]Serial Communication 
To allow communication between the Arduino Pro Mini, which controls the antenna assembly, and the Raspberry Pi, which acts as the UAV onboard flight controller, the system must operate at the same baud rate. The team was given a specified baud rate of 9600 that should allow the Arduino Pro Mini and Raspberry Pi to communicate. To test against this, the team ran a code, which displayed the actual operating baud rate of the Arduino Pro Mini.  

[bookmark: _Toc386801331]Surface Area
The overall surface area of the system mounting to the UAV is less than 15 in2. This requirement was tested by measuring the surface area of the system that attaches directly to the UAV, such as the top of the mounts. This area is measured with a ruler and calculated using the geometry of the shape of the mounts. 

[bookmark: _Toc386801332]Weight
To test the weight requirement, the system was weighed with a postal scale or other high accuracy scale provided by the DASL. The total mass of the device must be within the allotted mass of 0.5 lbs.

[bookmark: _Toc386801333]Voltage
The UAV is capable of providing the device 5V during flight.  The power input test was conducted using a digital multimeter (DMM) to measure the voltage supply from the UAV to ensure the correct voltage was being supplied to the Arduino Pro Mini.   

[bookmark: _Toc386801334]Cost
All costs for components and services did not exceed the budget of $500. This requirement was tested by adding the total cost of components for the gimbal system. 

[bookmark: _Toc386801335]Part Installation Time 
The installation of the system could take no more than one hour. The team conducted multiple trials of replacing the entire system. This was done using a timer found on any iPhone with a resolution of 0.01s. The team chose to replace the entire system for this test as the worst case scenario is for all components to break and replacing the entire system compared to a portion of it would take the maximum amount of time. Since entire system can be replaced in less than one hour, then any part of the system can be replaced in less than one hour. To obtain an average, this test was conducted three times.

[bookmark: _Toc386801336]Number of Tools
To test the number of tools required for the system the team fully assembled and disassembled the system and counted the number of tools required. 

[bookmark: _Toc386801337]Linkages
The total number of moving components could not exceed four. This requirement was tested by counting the number of linkages present in the design. There were no special tools or equipment required to measure this specification. 

[bookmark: _Toc386801338]House of Quality (HoQ)
This section discusses the House of Quality, Table 2, for the antenna gimbal. The team first compared customer needs described in Section 2.2 with the engineering requirements in Section 2.3, in the center of the House of Quality. For needs and requirements having no correlation, the cell is left blank. Little, moderate, and strong relationship is marked as a 1, 3, and 9 respectively. The team repeated this process in the top of the House of Quality, this time relating engineering requirements to other engineering requirements to determine the importance of their relationships. Using the weightings of the customer needs and strength of relationship to the engineering requirements, the team was able to formulate an absolute technical importance for each engineering requirement, then rank them in the relative technical requirement row. Through this process, the team found that part installation time, rotational range, and the number of linkages were the highest-ranking technical requirements for the project. Since these requirements had such a large relation to the customer needs along with other engineering requirements, they were strongly considered in the designing of the device. Lastly the House of Quality compared customer needs to pre-existing designs, including the MOOG [6], Octopus [7], and Marcus UAV [8] gimbal. These pre-existing designs are discussed further in Chapter 3 of this document. 

Table 2: House of Quality for Antenna Gimbal
[image: https://lh6.googleusercontent.com/3NPC_VMRq5VjGdKvbCCSvPJic3utg1Mm83xmj9hLHdAZOjpaPsV-NYgDHlYRY6U3wdzJSOWl7izSWHAA-CHQtZ6SnPVPIrxtF1QMIm4erqhT5I8S5Himi83_ACUy8t3kznk1fw5c]

[bookmark: _Toc472068892][bookmark: _Toc484366974][bookmark: _Toc491781836][bookmark: _Toc386801339]EXISTING DESIGNS
This chapter discusses the approaches to designing the antenna gimbal system. Sources used for research include article databases and pre-existing design websites. In addition to researching pre-existing designs, this chapter includes the functional decomposition including the black box and functional models. Lastly the team researched the subsystems required for their project and researched existing designs at each subsystem level. 
[bookmark: _Toc472068893][bookmark: _Toc484366975][bookmark: _Toc491781837][bookmark: _Toc386801340]Design Research
[bookmark: _Toc472068894][bookmark: _Toc484366976][bookmark: _Toc491781838]Prior to design research, the team first needed a basic understanding in VHF telemetry tracking. It was determined that “to locate an animal using VHF radio tracking, scientists must be close enough to the animal with the radio antenna so they can pick up the signal from the radio transmitter on the animal” [2]. Once a signal is located, the scientists and researchers are able to follow the direction from which the signal is the strongest in order to locate the animal. This is traditionally done on foot, which can be painstaking and time consuming. Some scientists take to cars or planes to reach the signal faster. With this information, the benefit of being able to track wildlife using a UAV became more apparent. The UAV could cut out the time for tracking on foot, the accessibility cars and trucks might not be able to reach, and the cost of renting an airplane. However, after further research on the reception radiation pattern for VHF, pertaining especially to the RA-23K VHF Antenna used by the DASL lab, the team also saw the need for a rotating antenna. As seen in Figure 1, the RA-23K antenna receives radiation patterns on a horizontal plane, with more information incoming to the front of the antenna compared to the back. The ability to pitch the antenna using a gimbal on the UAV allows for a larger range of reception and higher data collection and accuracy, especially if the signal is coming from below the UAV.  


[image: ttps://lh4.googleusercontent.com/j4Uzbkp4ayPxfdMtedcHSE-tgBEmTkSHP36j6ez3hoTUabiOMfsvlYuyxG5S2NM0QTAwUef9pcJHs93bv_vRXAAKC8CbunCXH5wYO4Ohmv1-izQ_Y0dEuu2Gy0-szhtggbNdUD9v]
Figure 1: RA-23K Reception Radiation Pattern [3]

After basic research on VHF telemetry tracking, the team looked into existing designs. Using the engineering database, Compendex, the team found that using UAVs to track wildlife is an ongoing development. Other researchers have also reported “the use of small unmanned aircraft systems (UAS) for wildlife tracking offer many advantages such as cost reduction, human effort reduction and data acquisition efficiency due to the usage flexibility offered by the system in comparison to conventional methods” [4]. This article described the use of acoustic telemetry to track wildlife using a small UAV. This varied from the team's project as the RA-23K antenna reads VHF and requires a pitch angle. Another team was able to use a commercial radio controlled model aircraft to locate fish tags placed both on land and underwater [5]. While these reports showed the real life applications of using UAVs in tracking wildlife, they did not focus on the rotation of the antenna, so the team began searching the web for antenna pointing mechanisms to help formulate ideas and concepts they might incorporate into their own device. Upon this search, the team found a large range of designs including the MOOG Antenna Pointing Mechanism, Octopus UAV Tracking Antenna, and Marcus UAV Retractable Gimbal. Each of these designs are further described next in the system level section of the report.
[bookmark: _Toc386801341]System Level
[bookmark: _Toc472068895][bookmark: _Toc484366977][bookmark: _Toc491781839]This section discusses existing designs that address similar requirements relevant to the DASL UAV Antenna project. The three designs found each have desirable qualities for the team’s project, however, they also all have features that would not be compatible with the DASL UAV, which will be explained in each subsection. 

[bookmark: _Toc386801342][bookmark: _Toc491781842][bookmark: _Toc472068898][bookmark: _Toc484366980]Existing Design #1: MOOG Antenna Pointing Mechanism
The MOOG Antenna Pointing Mechanism [6], Figure 2, is a small device commonly mounted on spacecraft. It meets many of the requirements needed for the DASL UAV gimbal antenna. This mechanism is able to rotate in two directions and in multiple modes to relay information back to the user. However, this product does not meet the low cost need nor is it maintainable, making it impractical for this design. However, this does provide the team with one example of allowing two directional rotation, which was not a critical requirement, but desired by the client. 
[image: ttps://lh4.googleusercontent.com/n7OK9hEacAEVQJHFN-RIutuY5oZNakDd2MSNcozMKl8WQhX6kk-8x21lLHNvj856J3gVwvj_V87yqPltKChb2I1K-rMXw0vl9cTuasj7fWwrlqQFy31JFm8ANA8o2yH3MQNtk-7N]
Figure 2: MOOG Antenna Pointing Mechanism [6]

[bookmark: _Toc386801343]Existing Design #2: Octopus UAV Tracking Antenna
The Octopus Tracking Antenna [7], Figure 3, is used on the ground to track UAVs in the air, but could have potentially been used to mount to a UAV and track other signals. The advantage of this tracking antenna is that it can be switched between a directional and omni antenna. It also has an integrated pointed algorithm that automatically points towards the direction of the strongest signal. This would be very useful while tracking wildlife, especially if the team’s system is able to relay the exact angle to the user. Rather than the user inputting multiple angles and trying to find the strongest signal, the antenna would automatically sweep for the strongest signal and point towards it. This angle would then be reported back for quick and accurate data collection. The limiting factor to this existing design is the weight, which would not be feasible on a UAV. 
[image: ttps://lh3.googleusercontent.com/mDNM7mBqQm37onPbkW6t3tydq5_E-GuNXiDSueLg8stBATZmql9ixNn0lhlTREqXTq2RlkHseNEaBr899QeYhhhFnByYvC5b3Nezc9rC0EPICR6-8TUeHorkAHjvVCV2L01WoHVk]
Figure 3: Octopus UAV Tracking Antenna [7]

[bookmark: _Toc386801344]Existing Design #3: Marcus UAV Retractable Gimbal
The Marcus UAV Retractable Gimbal [8], Figure 4, is a 2 direction rotational gimbal mounted to a UAV. However, instead of mounting an antenna to the gimbal, they use it for a camera. This gimbal still meets several requirements such as multiple modes of movement, lightweight, and full range rotation. The full range of movement comes from the fact that the camera is embedded in the system rather than sticking out like an antenna. However, the team can use this design to further formulate encapsulating designs for the antenna gimbal.
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Figure 4: Marcus UAV Retractable Gimbal [8]

[bookmark: _Toc386801345]Functional Decomposition
[bookmark: _Toc491781843]In this section, the functional decomposition is analyzed in two parts. First, the black box simplifies the total function of the gimbal system and categorizes the inputs and outputs by material, energy, and signal. The main function of the system is moving the antenna at the request of the user. The action of the system will be further broken down in the functional model by each step that is performed and the individual input and output.

[bookmark: _Toc386801346]Black Box Model
[bookmark: _Toc491781844]The Black Box model allows for an easier understanding of what the device needs to accomplish. This is done by simplifying the design down to the basic inputs and outputs, specifically materials, energy, and signal. This allowed the design team to focus on the core elements and ensure that the device successfully addresses the needs of the client.

The Black Box model, as seen in Figure 5, shows all materials that enter and exit the system, meaning no material stays in the system. The input for the Black Box are electric energy as well as human energy and the outputs are heat and sound. Lastly, a signal to move the antenna is sent and a signal exits the box indicating the relative position of the antenna to the drone. 

[image: ackBox.jpg]

Figure 5: Black Box Model

The next section further analyzes the action of moving the antenna seen in the black box model and fully breaks it down into a functional model. 

[bookmark: _Toc386801347]Functional Model 
The section describes the functional model for the antenna gimbal. The functional model is a breakdown of how the team theorized the gimbal system would work. This is derived from the black box model by analyzing the material, energy, and signal imports and exports. The gimbal system takes in electricity from the UAV and human energy from hands controlling the remote and transmits it to rotational movement of the antenna and data back to the user. This process can be visualized in steps in Figure 6.1 and 6.2, which demonstrate a Hypothesized and Actual Functional Model respectively. Through this model, the team can visualize that their critical actions of regulating the angle, receiving VHF signal, and reporting that data back to the user all rely on electricity to run the operations while in the air. From this model, it is apparent that the functionality of the device is critical for being able to meet requirements for electric usage as described in the engineering requirements, in order for any of the main operations to take place.
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Figure 6.1: Hypothetical Functional Model for Gimbal Antenna

[image: reen Shot 2017-10-05 at 10.40.59 AM.png]
Figure 6.2: Actual Functional Model for Gimbal Antenna
[bookmark: _Toc491781845][bookmark: _Toc386801348]Subsystem Level
This section will discuss the different subsystems used to make an antenna gimbal. Currently, gimbals and their controllers are typically applied to stabilize video recording.  While incorporating a gimbal to control a VHF antenna is a fairly unique idea, the overall system and controllers can be applied to either situation. The antenna gimbal system was broken into three subsystems including the control system, motor, and frame/mount. Each of these subsystems are further described in the following subsections along with existing designs for each. 

[bookmark: _Toc386801349][bookmark: _Toc472068911][bookmark: _Toc484366993][bookmark: _Toc491781849]Subsystem #1: Control System
The control subsystem was important in the design of the antenna gimbal because it enables the control of the angle and readout.  This device is used to take information from the on board computer and output angles, then relay that information back to the on board computer for communication to the ground.

Existing Design #1: Arduino
The Arduino is the industry standard in terms of small microcontrollers.  This microcontroller has a large amount of user support due to it being so ubiquitous [8]. An advantage to this control system was there were many forums of existing code the team used to their advantage in programming.

Existing Design #2: MSP430 LaunchPad 
The MSP430 LaunchPad is a lightweight microcontroller.  Where this device differs from the Arduino is in its lower power consumption, weight, and cost.  This device costs $4.30 which is about half that of an Arduino unit [9].

Existing Design #3: Teensy 2.0
The Teensy 2.0 is by far the smallest microcontroller.  It comes in at about the size of a quarter and has the capability of running Arduino programs and sketches.  This device is great for projects that are constricted on weight and or space while needing to run Arduino code [9]. The size of this system would be beneficial in fitting to the small modular design for the team.

[bookmark: _Toc386801350]Subsystem #2: Motor
This component of the gimbal was imperative to hit the requirements laid out for the team.  These motors hold a certain amount of torque at a steady angle under flight power, while maintaining a lightweight requirement.  This device is also repeatable to maintain accuracy.

Existing Design #1: Short Range Servo Motor
This design has the capability to be finely controlled.  While it is a stepper motor it has the capability to be put into an orientation and then hold that orientation.  They are highly efficient and are great for applications where vibration is an important consideration [10].

Existing Design #2: Goteck Metal Gear Micro Servo
This micro servo is designed to be used in lightweight flying machines.  It has a high stall torque, which would be helpful while maintaining a slim and lightweight design.  This servo can run off standard flight batteries and has low power consumption [11].

Existing Design #3: DSM 44
This servomotor is designed specifically with RC control in mind.  It is both small and lightweight, runs off standard 5-volt supplies and has a high torque output for its size [12]. 

[bookmark: _Toc386801351]Subsystem #3: Frame/Mount
This part of the device is important to maintain a rigid platform for the antenna to gimbal from.  It is structurally strong, while being lightweight, and capable of being attached to the UAV via the modular design plates provided.

Existing Design #1: Channel Master 3079 Antenna Mount
This antenna mount is a very basic design made from conventional materials. It is readily available and cheap to purchase.  At over half a pound it was not right for our applications but was considered [13].

Existing Design #2: Panel-Hanging Bracket from McMaster-Carr
This off the shelf bracket is extremely accessible and cost effective.  Made from stainless steel it is corrosion resistant and easy to maintain.  It is heavy for its weight but overall may be a decent choice.  This would be modified in house to match our modular design for easy of assembly in the field [14].

Existing Design #3: Generic L-bracket
Using this design is very similar to the use of the off the shelf bracket from McMaster-Carr but offers easier obtainability with a lighter weight design.  Again it would be made to fit our modular design with some slight modification keeping cost down [15].

[bookmark: _Toc386801352]DESIGNS CONSIDERED
[bookmark: _Toc472068912][bookmark: _Toc484366994][bookmark: _Toc491781850]Chapter four will serve the purpose of describing the designs for the DASL UAV Antenna Gimbal as brainstormed by the team. The team formed ten ideas ranging in capability, feasibility and simplicity. Each of the designs are described as follows and displayed in Figures 7-16.
[bookmark: _Toc386801353][bookmark: _Toc472068915][bookmark: _Toc484366997][bookmark: _Toc491781853]Design #1: Plate with Motor
In Design 1, Figure 7, the antenna is mounted through a plate, which is controlled by a motor. Two brackets fastened to the octagonal UAV housing support the plate. As the motor rotates, the plate and antenna rotate as well. The advantage of this system was simplicity as it only contains four components not including the antenna. It can be made low cost and is easily maintainable. The disadvantage of this design was the need for a high torque motor that would still be lightweight. Another downside was a limited range of movement. 
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Figure 7: Plate with Motor
[bookmark: _Toc386801354]Design #2: Motor with Lead Screw
In this design, a lead screw drives the back end of the antenna to control the angle of attack. As seen in Figure 8, the antenna is pinned near its center to the base of the UAV. The lead screw is mounted above one end allowing it to push the antenna down to a desired angle. In this system, the linear movement must be converted into rotational measurements to relay the exact angle to the client. The advantage of this design was simplicity and lightweight mechanisms; however, the downfall was that the lead screw would always be sticking out during flight and offer a limited range of motion. 
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Figure 8: Motor with Lead Screw
[bookmark: _Toc386801355]Design #3: Pulley System
This system used a simple cord attached to the antenna. The motor draws in the cord onto a spool while retracting the antenna upward towards the base of the UAV. This system would also consist of a potentiometer to determine the angle, which the antenna is resting at. An advantage of this design was that the sweep mode would be easily incorporated with a constant rpm of the motor. Issues include the cord, which is not rigid, could cause the antenna to move with turbulence of the UAV.
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Figure 9: Pulley System

[bookmark: _Toc386801356]Design #4: Linkage System
This system used a linkage to drive the angle of attack, Figure 10. The motor is attached to the linkage and that drives the antenna. The linkage cams a boss on the antenna mount to move the angle up or down. The advantage to this design was that all mechanical operation can be seen and problems can be diagnosed quickly. The main disadvantage was the amount of torque required to power the cam and measuring the angle of attack.
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Figure 10: Linkage System

[bookmark: _Toc386801357]Design #5: Hydraulic Piston
This was a similar design to the lead screw but with a self contained hydraulic unit, Figure 11. The system incorporates a pump, reservoir, and piston system. This unfortunately added both weight and complexity. However the design has the advantage of being much more self-contained when compared to the lead screw as there are no parts that extend beyond the antenna when retracted. 
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Figure 11: Hydraulic Piston

[bookmark: _Toc386801358]Design #6: Two Motors
Design 6 is similar to Design 1 in the way it rotates the antenna. In this system, rather than the antenna being directly attached to the rotating plate, another motor is first fastened to the plate, then the antenna is connected to the second motor. This allows the system to have two degrees of freedom, which the client showed interest in. Unfortunately the motor rotations would interfere with each other and this would be kept in mind during dimensioning and designing of the system. 
[image: https://lh5.googleusercontent.com/82UlRVwyIxbkvcvBcmpgz2IxFcazGeiyy0bwmIpMvNHpEEg96GDDMBIbRqmXlatTKSOCy4rrWcSzT8YQ-ACJGB-fs2hFV5yNHZBYrjUNnFLJxtRGC67FJWEZcAKhhEe07BwUNdL1]
Figure 12: Two Motors
[bookmark: _Toc386801359]Design #7: Centered Pulley
This design, as seen in Figure 13, mostly mimics that of Design 3, however in an effort to maintain the same center of gravity as the original UAV, the mounting location for the antenna is offset towards of the edge of the UAV with the motor and microcontroller located in a more central position. The disadvantage of this design is again a lack of rigidity as the cable allows for fluctuation of the antenna during flight.
[image: https://lh4.googleusercontent.com/w_r82Q_kkGz3GVYTTw9cSmbPpWQrJAFfLoXd47vJZDkESKw4KlPEA5QB-_Ie_M9Fn2AAcUB1WR19pCpWC5krllf3BYFTAVpVIclQFXDvzlMjpzVNS6PQy2zcJEFAw0COLErbb2_O]
Figure 13: Centered Pulley
[bookmark: _Toc386801360]Design #8: Single High Torque Motor
Design 8, as seen in Figure 14, works by attaching a high torque motor in a 1:1 ratio, directly to the antenna. This design offers for a more simplistic design, however requires the use of a rotary encoder, or resolver, to track the orientation of the antenna. While the weight of the motor in this design may be high, it is the only mass of the component. This design does not account for the length of the antenna and therefore would most likely have interference issues.
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Figure 14: Single High Torque Motor
[bookmark: _Toc386801361]Design #9: Two Hydraulic Pistons
Similar to Design 5, this concept involves two hydraulic pistons. There is one attached closer to the front of the antenna and another towards the back. They work in unison (one retracts as the other extends), to cause the antenna to pivot. This would allow the pistons to be smaller compared to the single piston design. A disadvantage of this design is that the UAV needs to house a pump and water reservoir to allow the pistons to function and therefore adding unnecessary amounts of weight to the system.
[image: https://lh5.googleusercontent.com/qBHWxY6OXp7UhICySiwx6Q71HFz4plhFHYCUPwYxjbawVlVERWbwQI_1ZCRHJVt8liEQu9XOTxF6kutOdzefO8O7FIYT_JxpqfGl8T--JQy6mfaajTQodwZAElJL9AD1RQeGxMLX]
Figure 15: Two hydraulic Pistons
[bookmark: _Toc386801362]Design #10: Stirling Engine
Design 10 incorporates a stirling engine into the system as seen in Figure 16. This mechanism moves based on a heat differential. A constant difference in temperature allows for continuous movement of the antenna. However, there is not a simple way to control the exact angle of the antenna, leading to inconsistent data. 
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Figure 16: Stirling Engine

[bookmark: _Toc386801363]DESIGN SELECTED 
Chapter 5 serves the purpose of explaining the rationale for the design selected by the team.  
[bookmark: _Toc386801364]Design Selection
This section explains the rationale of the selection of a design for the UAV antenna gimbal. The design was carefully selected after evaluations of the designs using a decision matrix and through meetings with the client as described in the following subsections.

[bookmark: _Toc386801365]Original Design Selection
To help the team form a rational decision for one of the ten designs described in Chapter 4, they formed a decision matrix, seen in Table 3. The team decided upon five criteria from both customer needs and engineering requirements. The first and most important criterion is the weight of the system. If the device cannot be lifted by the UAV, it is not a viable design. The second most important criterion is the ability to relay an accurate angle of the antenna to the user. Without this piece, the device would not provide accurate data and would be pointless. Third most important is maintainability. Since the UAV is at risk of crashing, and the antenna gimbal is attached to the bottom, it is important that the system be maintainable so that it can continue functioning and collecting data for the user. The team also determined the angle range and position to be important, as the device allows ample rotation to gather quality data, as well as hold the angle in position rather than letting it bounce or hang freely. Lastly, the team considered cost. This requirement was not as high of a concern as the budget was loose, however, the team planned on sticking to the desired budget of under $500, so cost was still taken into consideration. To evaluate the designs, the team first picked four of what they thought to be the most viable designs. They then scored each design on a scale of 1-10 for each criterion and applied the weight. Through this process, the team found Design 1: Plate with Motor, to be the best option. This design met all customer needs of simple, maintainable, modular, able to relay an angle, and able to have multiple modes of movement. It also met each of the engineering requirements, which ensured a more careful designing of the idea. Therefore, this was the first design the team chose, but was subject to change as seen in the next section.

Table 3: Decision Matrix
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[bookmark: _Toc386801366]Current Design Selection
After utilizing the decision matrix to select Design 1, the team presented a prototype of the design to the client, Dr. Michael Shafer. He then expressed concern for the structural stability of Design 1, as the mounts that would attach the gimbal to the UAV would be long and thin, making it more prone to breaking upon impact. After looking at the proposed prototype, the client expressed an interest for the design to be able to operate using short mounts so that it fits between two modular plates, rather than just on the bottom of the last plate as discussed in the initial scope of the project. To accommodate for the decrease in space allotted, the client allowed for a smaller rotation and asked for a minimum of a 45 degree angle rather than 60 degrees. Dr. Shafer also recommended that the team have two points of contact between the antenna and the UAV rather than one, as seen in Design 1. After reviewing the team’s other design options, he preferred the idea of a linkage system as proposed in Design 4, which ranked third in the decision matrix. From these new points of consideration, the team created a new design, extenuating from Design 4, which will be described in the next section.
[bookmark: _Toc386801367] Design Description
[bookmark: _Toc472068917][bookmark: _Toc484366999][bookmark: _Toc491781855]After a meeting with the client, several concerns were uncovered with the team's original design. To resolve problems with the original design, as well as to incorporate new requests from the client, the team formed a linkage concept, depicted in Figure 17. As seen in the figure, this design allowed for two points of connection between the antenna and UAV, as desired by the customer. At the back end of the antenna, there is a simple pin connection allowing pure rotation. Towards the front end there is a linkage arm attached to a clamp around the antenna. As the arm is pitched up or down by a small motor, the antenna will also rotate to the desired angle input by the user. Exact measurements can be viewed in Appendix A Figures A1-A6.  Overall, this new concept is more compact, secure, and cost effective than previously discussed designs.
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Figure 17: Current Antenna Gimbal Design
[bookmark: _Toc472068918][bookmark: _Toc484367000][bookmark: _Toc491781856][bookmark: _Toc386801368]PROPOSED DESIGN – First Semester
This section discusses the implementation and fabrication of the antenna gimbal. After selecting the design discussed in section 5.2, the team chose to 3D print a prototype for a proof of concept. Through this prototype, they found that the mounts connecting the antenna to the UAV do not allow full rotation of the pivot base, as it interfered with the housing. From this prototype, the team expanded the length of the mounts to create a fully moveable system. The team continued to print prototypes with their personal 3D printers to ensure problems such as this can be avoided before the final fabrication of the system. Initial prototypes are printed using PLA. Final prototypes and the final system were printed using ABS, which can be smoothed with acetone for better tolerances and fits. The use of 3D printing reduced the emphasis on tolerancing, as the parts produced will carry the same tolerances, this does not however reduce the necessity of clearances, which were included in the design. The team chose to keep the final design manufactured through 3D printing, to keep the system easily maintainable for the client in case of part failure during a strong impact. Through the use of 3D printing, the client only needs the part files and use of a 3D printer which can be accessed several places on the Northern Arizona University campus. After finishing prototyping, the team mocked up the system, working towards full integration. In this phase, the team worked to create a fully functioning system as depicted in Figures 18 and 19. The mock up of the design allowed the team to still adjust for improvements.
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Figure 18: Design Assembly View

[image: https://lh4.googleusercontent.com/QzFWpoS881nrbS6vVjchShPqDmE6rzUnGCbPWr4UC2uPZx_V5o483s2BcCxiGJ19aUXdUQCiRYqWPLRTij8QEf2jHp6ZK26v5_P28NVZ7UbqEqiZMEZ60AG5jWxF85R89hGXn7da]
Figure 19: Design Exploded View
With a basic setup of the system, the team was able to implement a program to run the motor and test the abilities of the device (e.g. range of motion, lifting capabilities, sweeping features, etc.). Resources needed for this testing included a postal scale and Raspberry Pi, which attaches to the Arduino. Each of these is found in the DASL. The system was then tested thoroughly on the ground. At this stage, modifications to better integrate the program, motor, and physical system, would be done before a final device is fabricated. Once proved to be fully operational on the ground, the team then attached the system to the UAV and ensured that it would work as expected in the field.  DASL can fly different courses, in different orientations, and different settings to double-check that no errors occur. Errors occurring during this phase of testing were troubleshot immediately and replacement parts produced quickly. The overall schedule for these implementation tasks are displayed in Appendix B, Figures B1 and B2. The resources required for the antenna gimbal are listed in Table 4, along with their corresponding costs.  Materials for the system were purchased online from SparkFun [16] and McMaster-Carr [14] and Amazon. The main source of cost came from the stepper motor, motor driver, and other electrical components such as the FTDI cable, real time clock, and open log. The team was willing to spend a significant amount on the motor, as it needs to be able to provide enough torque to pivot the antenna, as well as be light enough in weight to satisfy the 0.5 lb weight restriction. 

Table 4: Proposed Design Bill of Materials and Budget
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[bookmark: _Toc386801369]  	IMPLEMENTATION – Second Semester
This section will describe all manufacturing and assembly of the model as well as problems the team encountered during the implementation of the project and the resulting design changes.
[bookmark: _Toc386801370]Manufacturing
The utilized method of manufacturing for the antenna gimbal was 3D printing. The team used FORTUS 250mc to print all parts for all iterations of the frame in ABS at the RAPID Lab at NAU. All parts were produced using 100% infill for strength. This design specification is based on weight and strength of the material. Keeping in mind that the team must remain under 0.5 lbs. for their system, their goal is to maximize strength to decrease chances of part failure upon a crash or impact of the UAV. The parts must also be able to support the weight of the antenna and servo motor. After printing an identical part using 20% infill and 100% infill, the team measured the weight and found the change to be insignificant due to the overall volume of the part. Therefore, the team chose to print all parts using 100% infill to maximize the strength. However, since the design is encapsulated between two UAV plates, the team concluded that a direct impact on their design was not probable, and would only need to support the weight of the antenna and motor, therefore did not need to analyze strength any further in their design process. Another requirement considered for the design of the system was simplicity and maintainability. The client requested that no more than four linkages be used in the system, so the team adhered to this requirement in the design phase while still striving to reach and surpass the minimum required angle of 45°. The choice of components to operate the system, the Arduino Mini Pro and Bluebird BMS-35A servo, were driven by the communication, power consumption, and number of modes requirements. These components can communicate at the mandatory 9600 Baud rate and are able to operate on 5V. The use of the Arduino, paired with a servo motor also allows the team to program a user interface that can accept the two required modes, which are to sweep the antenna, or hold it at a specified angle until the user gives a new command. The last requirement considered during the designing and manufacturing process was part installation time. To meet this requirement, the team attempted to create a functioning design with minimal parts required. This decreases the amount of components that need to be removed and replaced in case of part failure, making the system more maintainable. 
All components not designed and printed by the team were purchased from vendors. Parts purchased from vendors include all electronics such as the Arduino, wires, cables, and the largest purchase which was the BMS-35A servo motor. This information can be referenced in more detail in Table B1 in the appendices.

The team followed a strict schedule for their manufacturing, detailed in Figure C1 and C2 to stay on track for their project. All deadlines were met, an most were done in advance, especially tasks pertaining to the manufacturing. The team focused on deadlines for the second portion of the project to ensure ample time in case of malfunctions during final product testing. 
[bookmark: _Toc386801371]Design Changes
This section will discuss all iterations of the project after the proposed design in Semester 1 (discussed in chapter 6 of this report) to the final gimbal design. The reasons for change in each iteration are further discussed in each subsection.

[bookmark: _Toc386801372]First Iteration
The first iteration of the UAV Antenna Gimbal is displayed in Figure 20.  This linkage based system was created after receiving several design requests from the client. The main client request was to add a redundant cam arm to aid in stability of the mechanism at the front. Another update from the first proposed design to this first iteration is the change from a small dc motor, to a worm gear driven motor as it would provide more torque.  To integrate this system the team needed to add two through holes onto the pivot bases on the left hand side of the device (looking towards the device), as well as adding a semi-circle shaped cut to the cam arm to accept the drive shaft from the motor.  A set screw hole was added to enable a tight lock up of parts, on the top of the left side cam arm and a mounting bracket was added to help hold the device together.  A sweep cut was needed to be added to the left side cam arm to add clearance for the socket head cap screws which mounted the motor to the mounting bracket.  Also depicted in Figure 20 are two boxes representing the Arduino and motor driver used to control the system based on user input. 
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Figure 20: First Iteration Updates
 

[bookmark: _Toc386801373]Second Iteration
Several major design changes were made for the second iteration of the gimbal mechanism, displayed in Figure 21. After more research and testing, the team discovered it would be better to use a servo motor rather than a DC motor in their design. Servo motors are easier to program and are capable of going to specified angles, while DC motors are not. DC motors are also often heavier than servos. The chosen motor for this iteration was the Hitec HS-81 Servo. This servo is approximately 1.17 x 0.47 x 1.16 in., 0.04 lbs., and provides 2.34 in.-lbs. of torque. The team chose this motor due to its small size, low weight, and assumption that it would provide enough torque to move the system as desired by the team. The change in motor led to a change in the motor mount as the team created a new part to fasten it to the UAV base plate. The pivot bases were also changed to remove the small holes originally added to mount the first motor. An adapter was created to attach the servo horn to the cam shaft of the assembly so that it could provide movement to the antenna. Since the motor was changed from a DC motor to a servo, the team no longer needs the motor driver that was represented in the first iteration, thus this part was removed.
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Figure 21: Second Iteration Updates

After designing the second iteration, the team assembled a prototype and attached it to a mock base plate. With the Telonics RA-23K antenna inserted into the design, the team discovered that the pivot base initially meant to only rotate, actually worked better as the sliding and pivoting joint. This led the team to establish the pivot base attached to the cam arms as the static point of contact along the antenna. 

The Arduino code written by the team successfully swept the servo horn from 0 to 45 degrees below horizontal as well as to any desired angle in that range. However, when the team conducted an unofficial test of the system it was found that the motor could not lift the antenna seen in figure 22.  The team decided to upgrade the motor since they could not confidently say the motor would work 100% of the time.
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Figure 22: Second Design Iteration Fully Extended

[bookmark: _Toc386801374]Final Iteration
After building a prototype of the second iteration as discussed in Section 7.2.3, the team implemented several more design changes to reach the final design in Figure 23. The fully assembled design is displayed in Figure 24. The major design change between Iteration 2 and the Final iteration was the change in motor. Due to the results of the test mentioned above, the team changed the motor to the Bluebird BMS-35A servo which could provide more torque resulting in a higher factor of safety. This motor is larger at approximately 1.59 x 0.79 x 1.54 in. in size, and a heavier weight of 0.18 lbs. However, this was still under 40% of the allowable weight of the device, so the team deemed these changes acceptable for a motor that provides 25.2 in.-lbs. of torque. Changing the motor again led to more design changes in the motor mount and the adaptor connecting the motor to the cam arm. The motor mount was increased in size and dimensions accordingly to fit the Bluebird motor. Due to the large sizes of the servo horns provided with the Bluebird motor, the team chose to redesign the method in which the motor is connected to the cam arm. In this iteration, the team mounted the adaptor directly to the output shaft of the motor rather than a servo horn. 
Another major design change between the second iteration and the final is seen in the mounting brackets. In the second iteration, the team had one mounting bracket with an edge. This bracket was no longer necessary for calibration and left over from the initial design. Therefore, to unify the parts, the team eliminated this bracket. For all brackets, the team added fillets for better practice and alignment. All drawings of the parts created for the Final Iteration are included in Appendix D.
The final iteration of the system consisted of printing and assembling the new motor mount, adaptor, and brackets, which successfully fit onto the housing plate and aligned with the other existing parts. Holes were drilled into the housing to appropriately locate the mount for future reference when the DASL team CNCs a new carbon fiber plate for the system.
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Figure 23: Final Design Model
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Figure 24: Fully Assembled Final Design


[bookmark: _Toc386801375]TESTING
This section outlines testing procedures to verify all engineering requirements were met by the system. The majority of the tests are either pass or fail, with no room for tolerances. Each test is described in the following subsections.

[bookmark: _Toc386801376]Testing Overview
There were ten engineering requirements, as discussed in Chapter 2. Each of these requirements were tested after manufacturing the final product. Their tests and results are further detailed in this section.

[bookmark: _Toc386801377]Rotational Range					
The angle of travel met the ability to go from 0° (horizontal) to 45° below horizontal. It is measured using the angle reported by the system and approximated with a protractor and by eye to ensure a correct reading from the system. The device can travel up to 55° below horizontal as seen in Figure 25, which exceeds the requirement.
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[bookmark: _Toc386801378]Figure 25: Rotational Range
[bookmark: _Toc386801379]Modes of Rotation					
The device was tested for both stepping and continuous motion. The team ran a program, telling the motor to go to either move to a specific angle, or continuously sweep from 0° to 45°. The motor was then installed into the system and tested with all components to ensure correct function inside the UAV assembly. The system was capable of moving the antenna to a specified angle as well as through the entire angle range continuously, therefore the requirement was met. This test was conducted without measurement tools, as it was observed by watching the movements. 
[bookmark: _Toc386801380]Serial Communication				
To allow communication between the Arduino Pro Mini and UAV, the system must operate at the same baud rate. The team was given a specified baud rate of 9600 that should allow the Arduino Pro Mini and Raspberry Pi to communicate. To test the baud rate, the team first set the serial communication in the Arduino code. Then, with the device connected, and serial monitor open, the team was able to confirm a baud rate of 9600 as seen in Figure 26.
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Figure 26: 9600 Baud Rate

[bookmark: _Toc386801381]Surface Area				
The overall surface area of the system mounting to the UAV must be less than 15 in.2  in order to fit on the UAV base plate provided by the DASL. This requirement was tested by measuring the surface area of the system that attaches directly to the UAV, such as the top of the mounts. This area was measured with calipers from the Rapid Lab and calculated using the geometry of the shape of the mounts. The surface area of each part is displayed in Table 5. The total area is 4.8405 in.2, which is less than 15 in.2; therefore the design passed the size requirement test. Appendix E displays photos of the surface area testing process.

Table 5: Surface Area of Parts
	Part
	Surface Area (in2)
	Quantity of Parts
	Total Surface Area (in2)

	Mounting Bracket
	0.5047
	6
	3.0281

	Motor Mount
	0.6044
	1
	0.6044

	Arduino Mini Pro
	1.2080
	1
	1.2080

	Total Surface Area of Device (in2)
	4.8405




[bookmark: _Toc386801382]Gimbal Weight		
To test the weight requirement, the system was weighed with two scales provided by the Rapid Lab. All components of the device were placed on the small scale individually to measure the weight of the parts. To ensure these measurements were accurate, the team also placed all the parts on a larger scale at once to compare to the additive weight of each part. The additive weight totaled at 0.4086 lbs, and the collective weight was 0.40 lbs. The difference in these weights could be explained by the difference in tolerances of the scales used. The total weight of the device fitted within the allotted requirement of 0.5 lbs. Each weight is listed in Table 6, and photos can be referenced in Figure F1-F11.
						
Table 6: Weight of Parts
	Part
	Weight (lbs)
	Quantity of Parts
	Total Part Weight (lbs)

	Mounting Bracket
	0.0077
	6
	0.0462

	Motor Mount
	0.0104
	1
	0.0104

	Cam Arm 1
	0.0140
	1
	0.0140

	Cam Arm 2
	0.0137
	1
	0.0137

	Pivot Base
	0.0032
	4
	0.0128

	10-32 Screws
	0.0051
	14
	0.0714

	10-32 Nuts
	0.0024
	16
	0.0384

	M-5 Screws
	0.0047
	2
	0.0094

	Arduino Pro Mini (and wires)
	0.0134
	1
	0.0134

	Servo Motor
	0.1789
	1
	0.1789

	Total Weight of Device 
	0.4086



		
[bookmark: _Toc386801383]Voltage				
The power input test was conducted using a digital multimeter (DMM) provided by the Rapid Lab to measure the voltage required to operate the device. The team’s device must be run on 5 V. This is the amount of volts the DASL UAV can supply to the device during flight. The DMM was used to measure the voltage being consumed by the system in a paused operational state. The total voltage being consumed by the system is 5.11 V. Although this is higher than the allotted 5V, the client confirmed that it was within acceptable tolerances and therefore meets the requirement as seen in the DMM in Figure 27.
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Figure 27: Voltage Reading
			
[bookmark: _Toc386801384]Cost					
All costs for components and services did not exceed the budget of $500. This requirement was tested by adding the total cost of components for the gimbal system. The total budget, as seen in Table B1 in the appendicies is $193.89, which is less than $500; therefore the requirement is met. 
					
[bookmark: _Toc386801385]Part Installation Time				
Part installation time must be under 1 hour. If one part is broken, it must be able to be fixed in under 1 hour. To ensure any part can be fixed in the allotted time, the team conducted multiple trials of replacing the entire system. This was done using an iPhone timer with a resolution of 0.01s. The team conducted 3 trials for this test, timing the disassembly and assembly of the system. The results of these trials are displayed in Table 8. The largest time trial for this test was 22:36 minutes, and the average time was 17:14 minutes. Since entire system can be replaced in well under one hour, any part of the system can be replaced in the allotted hour per the team’s requirement.

Table 8: Time Trials
	Trial
	Disassembly Time (min:sec)
	Assembly Time (min:sec)
	Total Time (min:sec)

	1
	4:09
	18:27
	22:36

	2
	7:30
	7:47
	15:17

	3
	2:17
	11:33
	13:50

	Average
	4:39
	12:31
	17:14


	
[bookmark: _Toc386801386]Number of Tools
The number of tools test was conducted simultaneously with the part installation time test. The team was able to entirely assemble and disassemble the product using only three tools, which included a wrench, an allen wrench, and needle nose pliers. Therefore, the requirement was met.
			
[bookmark: _Toc386801387]Linkages					
The total number of moving components did not exceed 4. This requirement was tested by counting the number of linkages present in the design. There were no special tools or equipment required to measure this specification. There are 3 links in this mechanism as circled in Figure 28.
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Figure 28: Linkages

[bookmark: _Toc386801388]Summary of Testing
In summary, all engineering requirements were met if not exceeded. The only discrepancy found in testing was through the voltage test. The device pulled 5.11V and the limit was 5V. However, after further discussion with the client, the voltage was deemed acceptable as it was within a 0.15V tolerance. All requirements, targets, and final product results are displayed in Table 9.
Table 9: Testing Results
	Requirement
	Target
	Final Product

	Rotational Range
	45
	60

	Modes
	2 modes
	2 modes

	Communication
	9600 bit/s
	9600 bit/s

	Surface Area
	15 in.2
	4.84 in.2

	Weight
	0.5 lbs
	0.41 lbs

	Voltage
	5 V
	5.11 V

	Cost
	$500
	$193.89

	Installation Time
	60 min.
	17.25 min

	Number of Tools
	3 tools
	3 tools

	Linkages
	4 links
	3 links



[bookmark: _Toc386801389]Conclusions
This section discusses the team’s progress throughout the project. It describes the contributions to success including ground rules, coping strategies, and design methods. Lastly, the team details room for improvement in the future. 
[bookmark: _Toc386801390]Contributors to Success
The team successfully completed the purpose and goals stated in the team charter. The team’s purpose was to build a gimbal attachment for a RA-23K antenna, allowing connection to a UAV. This attachment allows for better tracking of wildlife tagged with VHF telemetry tags as pitching the antenna helps to direct the radiation reception pattern in a more efficient way. This project was successfully completed as explained in the testing section of the report. Through product testing, all engineering requirements provided for this project were met, to work towards customer satisfaction. The team also met the goals for this project which were to provide a quality product that exceeds the customer’s expectations. The team also worked towards a product that could be used in more real life applications across the world such as tracking of animals in national parks or on wildlife preserves. While the team’s final product has not been placed on other UAVs, it has the potential to be transferred from vehicle to vehicle allowing it to meet their goal of being used on a wider scale. This success can be attributed to the teams constant efforts to meet the overall purpose and goals of the project. The team also continuously worked towards their personal goal of ensuring the project is fully functional, durable, and aesthetically pleasing. All of this has been put into their work in the design, CAD model, prototype, final product, and report, satisfying the goal.
The majority of the ground rules stated in the team charter were followed, contributing to the team’s success. Ground rules set by the team include meeting on time, no personal distractions (such as cell phones), respect for all members, and responsibility for any individual work needed for the team. All members showed respect for eachother and kept positive attitudes even when more strain was put on the team at certain times during the project. When extra work needed to be done there was a sense of individual responsibility and at least one member, if not all, were always willing to put in the extra time. The team also respected one another’s personal time and would try to distribute work as to not over burden any specific member. Throughout the semester each member felt a sense of unity and desire to succeed on this project and it was reflected in their actions and work.
Coping strategies were also implemented to help the team on their path to success. As explained in the team charter, the team followed their guidelines for solving problems such as ties in a team vote since there is an even number of members. All ties went to further discussion of each idea and re-voted on. In this way the team was able to handle all decisions without conflict. Other issues such as tardiness and loss of focus during team meetings were brought up promptly to avoid any future problems and help the team stay on track. These strategies worked well for the team as all members were respectful of each others’ time and knew the importance of tasks at hand.
In addition to a positive team performance, the team excelled in several areas of project performance including time management, manufacturing, and budgeting. From the first semester to the second, the team greatly improved on their time management pertaining especially to project deadlines. The team completed most project requirements approximately one week before the deadline. This left ample time for any minor adjustments that needed to be made. The manufacturing of the project also went smoothly contributing to project success. After manufacturing a prototype, the team noted sever minor changes that needed to be made such as tolerancing and addition of fillets. Through these small adjustments, the final product was assembled nearly flawlessly. Since all non purchased parts were 3D printed rather than machined, they were able to be completed in approximately 3 hours with more precise unity, which improved the structural integrity and aesthetic appeal of the final product. Lastly, the team excelled in budgeting their project. The final budget was under $200, meaning the team only used about 40% of their allowed $500. This helped to keep the project maintainable as most components that are susceptible to breaking are 3D printed, and the user can reprint the entire system for a very low cost (under $15).
The tool that contributed the most to the team’s success was the House of Quality. By comparing each of the customer needs to the technical requirements the team was able to assign a relative technical importance to each engineering requirement. This lead the team to focus the strongest on the highest ranking requirements, which are part installation time, rotational range, number of linkages, and mass. Each of these areas are crucial to the overall functionality of the system, so the team knew to incorporate them heavily when designing the current system. The team also benefited greatly from design iteration. Through all of their iterations, including CAD models and the prototype, the team was able to improve the stability, torque, operations, and functionality of the design.
[bookmark: _Toc386801391]Opportunities/areas for improvement
Although the team was more successful than not, there were still issues that arose during the year. A small improvement could be made in the professionalism of meetings. As previously stated the team was well acquainted before the project which led to poor use of meeting time in the first semester. The team drastically improved staying on task during meetings, there is still room for improvement for the professionalism of meetings. Although the team members are friends, the team should treat the meeting time as practice for real world professional meetings. In this sense, all personal topics should be reserved until the meeting is concluded. This would help the team to be more efficient during meetings. Although overall time management for deadlines was always ahead of schedule, there were several unnecessary meetings due to the lack of productivity in others.
The biggest obstacle the team faced was poor communication. While the team was occasionally in contact with several other individuals working for the DASL lab, communication between the team and the client was lacking. During the first semester the team generated a few designs with a decision matrix, including one that consisted of the antenna being pinned in the center and attached to the bottom of the UAV by two long mounts. The team had 3D printed a rough prototype before meeting with the client, whom then suggested the team pursue their third ranked concept from the decision matrix. This could have been avoided by meeting with the client before making the initial prototype. Although the client did not have ample time to meet often with the team, this could have been successful by either a simple email or five minute trip to the client’s office hours. Improved communication would have saved the team much time the team wasted on irrelevant designs. For example, if the team would have communicated their initial design, they could have designated more time towards improving the current linkage design desired by the client. There were several other communication errors throughout the year such as needing the antenna for building and testing purposes, and not knowing the client had a spare antenna for the team to use. Also the time to get a carbon fiber base plate from the lab took longer than anticipated, however this obstacle was overcome by using a 3D printed plate until the appropriate one arrived. Future communication between the client and the team should happen on a regular basis to ensure all ideas are properly discussed whether it be through in person meetings or email. 
As the Team Charter aided to the project success, it also left room for the team to improve. It is apparent that it would be beneficial to the team to occasionally review the charter to constantly keep the team purpose and goals in mind. Doing this would help the team stay focused on the success of this project and the importance it has to our clients as well as the natural wildlife research community. The Team Charter did not predict non professionalism or poor communication as a potential barrier. Since these are issues that were apparent in both semesters, the team could have greatly benefitted by revising the Potential Barriers and Coping Strategies section of the Team Charter to include these obstacles. This would give the team a reference when struggling with communication or a reminder to practice professionalism for the real world. 
The major aspect of project performance that could use improvement was the product quality. There were small additions made to the device after fully assembled that the team deemed necessary. One of these were the addition of cotter pins to prevent the pivot bases from slipping out of the mounting brackets. This addition was thought of during brainstorming sessions but left out of the design until the very end. Due to this, the team used paper clips rather than real cotter pins. The holes left for these pins were slightly too small and resulted in forceful procedures to make the paperclips fit. This affects the product quality as it looks unstable (although functions quite well) and takes away from the over all aesthetics of the device. 
The major engineering methodology to cause set backs to the team and needs improvement is the decision matrix. This process is not fully determinate and the team could sway the numbers to the one they prefer and it was not immune to personal bias. This process could have improved by also having the client rank the top four that the team chose. This would help to direct the team more in the direction of the client’s idea for the project, rather than what they think may be best.
[bookmark: _GoBack]Overall, the major steps for improvement include conducting more professional meetings, structuring better communication with the client,  revising the team charter after the first portion of the project, paying more attention to product quality, and creating a non biased system for the decision matrix. 
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Figure A1: Assembly Drawing
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Figure A2: Antenna Drawing
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Figure A3: Mounting Bracket Drawing
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Figure A4: Cam Drawing
[image: lose ring.PNG]
Figure A5: Close Ring Drawing

[image: ivot base.PNG]
Figure A6: Pivot Base Drawing




[bookmark: _Toc484367011][bookmark: _Toc491781867][bookmark: _Toc386793912][bookmark: _Toc386801395]Appendix B: Second Semester Schedule

Table B1: Final Design Budget
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Table C1: Second Semester Weeks 1-9
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Table C2: Second Semester Weeks 10-15
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[bookmark: _Toc386801397]Appendix D: Final Design Part Drawings
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Figure D1: Cam Arm Drawing
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Figure D2: Cam Arm 2 Drawing
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Figure D3: Motor Mount Drawing
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Figure D4: Mounting Bracket Drawing
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Figure D5: Pivot Base Drawing
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Figure E1: Width of Mounting Bracket			Figure E2: Length of Mounting Bracket
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Figure E3: Width of Motor Mount		 	Figure E4: Length of Motor Mount
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Figure E5: Width of Arduino				Figure E6: Length of Arduino
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Figure F1: Cam Arm 1 Weight 				Figure F2: Cam Arm 2 Weight
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Figure F3: Mounting Bracket Weight			Figure F4: Motor Mount Weight
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Figure F5: Pivot Base Weight				Figure F6: Nut Weight
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Figure F7: 10-32 Screw Weight				Figure F8: M-5 Screw Weight
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Figure F9: Servo Motor Weight				Figure F10: Arduino Pro Mini Weight
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Figure F11: Combined Part Weight
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Part Name Part# Cost (Slpart) _ Quantity Total ($) Location
Arduino Pro Mini 5V DEV-11113 995 1 9.95 SparkFun
FTDI Cable 5v DEV-09718 1795 1 17.95 SparkFun
Break Away Headers - Straight PRT-00116 150 1 150 SparkFun
Break Away Male Headers- Right Angle PRT-00553 195 1 1.95 SparkFun
Female Headers PRT-00115 150 1 150 SparkFun
Real Time Clock Module BOB-12708 1495 1 14.95 SparkFun
Jumper Wires Premium 12" MIF PRT-09385 450 1 450 SparkFun
Juper Wires Premium 6" F/F PRT-08430 395 1 3.95 SparkFun
Jumper Wires Premium 6" MM PRT-08431 395 1 3.95 SparkFun
OpenLog DEV-13712 1495 1 14.95 SparkFun
Stepper Motor- 68 oz in (400stepsirev) ROB-10846 3995 1 39.95 SparkFun
EasyDriver-Stepper Motor Driver ROB-12779 2995 1 29.95 SparkFun
Fasteners MISC 025 2 500
3D Printing (ABS) 01 50 grams 500 RAPIDLab
Acetone NiA 595 1 595 Amazon

Total Part Cost 161.00
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Project Name. DASL UAV Antenna Gimbal
Team Team DI Kall Albright Kaityn Bar, Dusin Branges. Daniel Jonnson
Vendor Purpose Part # Part Name Part No. Dimensions Material Cost (S/part) _ Quantity Total ($) |Obtained (Y/N)
T “Ardino Pro Wini 5V DEV-TTTS T3 x0T X015 NA B3 1 995 Y
2 Break Away Headers - Stiaight PRT-00116 NA NA 15 1 15 Y
3 Break Away Male Headers- Right Angle  PRT-00553. NA NA 195 1 195 Y
4 Female Headers PRT-00115 NA NA 15 1 15 v
Sk | FEER 5 RealTime Clock Module B0B-12708 NA NA 1495 1 1495 v
6 Jumper Wires Premium 12’ W PRT-09385 2 NA 45 1 45 v
7 Juper Wires Premium 6" FIF PRT-08430 & NA 395 1 3% v
8 JumperWires Premium & MM PRT-08431 (3 NA 395 1 3% v
9 ‘OpenLog DEV-13712 NA NA 14.95 1 14.95 Y
10 FTDICablesv DEV0971E NA NA 1795 1 795 v
Total (§)  75.15
Vendor Purpose Fait#__Par Name FariNo Dimensions Wateral Cost (5pat) ___ Quantty _ Total )
1 Biue Bra 74V Seno BVS A NA NA %29 1 %89 v
Parts & 12 ‘Aideepen L298N DC Drive Controller 100752 1.69"x 1.69"x 1" NA 699 1 699 Y
Amazon | Material
1B Veo NA NA NA 20 1 420 i3
Fabrication 14 Actone NA NA NA 595 1 595 Y
Total (5)  84.12
Vendor Purpose Fait#___Par Name FariNo Dimensions Wateral Cost (5pa) ___Quantty _ Total ()
15 ‘Socket Head Screw (pkg of 25) 92185A988 10-323/8" 316 Stainless Steel 4.00 1 4 Y
McMaster Carr| Parts & 16 Hex Nuts (pkg of 100) 90257A411 10-323/8" 316 Stainless Steel 7.29 1 729 Y
Material 7 ‘Socket Head Screw (pkg of 100) 912924110 M305mmSmm 188 Stainless 453 1 453 i3
Steel
Total (§)  15.82
Vendor Purpose Fait#__Part Name FariNo Dimensions Wateral Cost (5pa) ___ Quantty _ Total (5)
18] Pivot Base NA ABS| 050 1 05 Y
19 Mounting Braket NA s 050 3 15 Y
Paris& 20 cam NA s 050 1 05 Y
RAPIDL2D Material 21 Close Ring NA ABS 050 1 05 Y
2 Mounting Braket Rev 1 NA s 050 1 05 Y
23 MolorMount NA s 050 2 1 Y
Total ($) 45
Vendor Purpose Faits__Par Name FariNo Dimensions Wateral Cost (Spa) ___ Quantty _ Total ()
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Michaels
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