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4. Executive Summary 
 

The next generation Foot Control Unit (FCU) was designed to interface with the latest integrated 

power console (Empower Console) and control the operations of various surgical handpieces. The 

production and distribution of the FCU was outsourced, raising a need for an end-of-line test fixture for 

quality assurance and quality control. The existing testing and calibration procedure relied on the 

Empower console prototypes to verify outputs, which presented challenges in an outsourced 

manufacturing environment. To address this issue, a testing fixture was developed for deployment in 

manufacturing facilities. Its primary purpose was to perform end-of-line testing that ensures the FCUôs 

primary functions are operating as intended before distribution.  

 

Medtronic outlined specific requirements for the Quality Control Unit (QCU), the end-of-line 

tester for the FCU. The QCU needed to detect the FCU model, actuate the pedal and dome switches, 

and monitor the output on the FCUôs CAN bus. It also collected ADC readings from the FCU's Hall 

sensor at 128 points along the pedalôs travel path, then used an algorithm to linearize the data. The 

FCU's software was updated based on these results, and the QCU verified the LCD screen was oriented 

properly and displayed the correct information. A user-friendly interface was a critical requirement to 

ensure ease of use on the manufacturing line. The QCU was developed within a $5,000 budget, ensuring 

operator safety, supporting user input for test modes, allowing easy access to maintenance components, 

and restricting remote monitoring, test report exports, and FCU firmware access to Medtronic 

employees only. 

 

Three design alternatives were explored to meet these requirements: a single precision linear 

actuator, a linear actuator accompanied by solenoid, and a linear actuator with five solenoids. The first 

two proposed designs used an XY movement system for precise positioning. The single actuator design 

used the actuator to depress the pedal and hit all the dome switches whereas the design accompanied by 

a solenoid used the solenoid for pushing the buttons. The configuration including one solenoid ensures 

consistent pedal depression, as the actuator remains stationary during operation. The last design 

alternative, with five solenoids, used the actuator to depress the pedal, with each solenoid dedicated to 

pressing a specific button, eliminating the need for XY movement. The final design, selected through 

the down-selection process, used an XY movement system to position a single precision linear actuator 

over the pedal and dome switches. 

 

The Quality Control Unit (QCU) is well-suited for high-volume manufacturing with minimal 

operator input, offering a reliable and efficient quality assurance solution. It exceeded all performance 

goals, achieving a 100% pass rate in 22 trials per requirement and completing End-of-Line tests in just 

2 minutes. The QCU consistently verified key functions such as FCU version detection, pedal and dome 

switch actuation, CAN connectivity, and display output with speed and accuracy. While Bluetooth and 

LCD tests were slower and the photoresistor setup introduced wiring challenges, planned upgrades will 

address these issues. Future enhancements will focus on code optimization, hardware consolidation, 

frame downsizing, and upgrading the vision system to eliminate the need for photoresistors. 
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8. Background 

8.1 Company Background  

 Medtronic was established for the research, development, and sale of biomedical products. 

Spanning across 150 countries and employing 95,000 people working towards healthcare 

solutions[1]. These products aim to improve the quality of life for medical patients through innovative 

biomedical technology. Earl Bakken and Palmer Hermundslie founded Medtronic in 1949 to repair 

medical electronics [2]. Since then, it has evolved into a company with the mission of creating new 

products that alleviate pain, restore health, and extend the life of patients through research and 

development for the last 75 years [2].  

8.2 Integrated Power Console (IPCTM) Background   

 The Integrated Power Console (IPCTM), shown below in Figure 1, is a surgical device used for 

providing power and irrigation to handpieces and drills during ENT surgeries. The handpieces hold 

various cutting, drilling, and grinding tools referred to as blades and burs. The IPCTM is controlled 

through a touchscreen interface that allows the surgeon to set the maximum rotations per minute (RPM), 

irrigation rates, the type of handpiece being used, and more tool settings. The handpieces are controlled 

through a foot pedal called the Foot Control Unit (FCU).  

 

 

Figure 1 Medtronic IPCTM Integrated Power Console ï EC300 [3]  

8.3 IPCÊ Foot Pedal Background  

The current foot pedal on the market, displayed in Figure 2 below, interfaces with the legacy 

Integrated Power Console, shown in Figure 1. This foot pedal has three buttons, each with a specific 

function. These buttons allow surgeons to switch between handpieces, reverse the rotation direction, or 

adjust the speed between maximum and variable, which is controlled by the pedal. 
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Figure 2 Medtronic Midas Rex IPC Foot Pedal EF200 [4]  

8.4 Next-Generation Integrated Power Console and Foot Control Units  

Medtronicôs ENT headquarters, located in Jacksonville, Florida, is currently developing a new 

generation IPC, known as the Empower Console, as well as two different foot pedals, the dual-

functional Foot Control Unit (FCU) and the multifunctional FCU. The dual-function FCU will feature 

a pedal and a single dome switch, while the multifunctional FCU will include a pedal and four dome 

switches.  

 

The upcoming FCUs will include a small display screen to show various symbols during 

operation. It will display the battery life of the pedal, the connection mode (wired or wireless), if the 

pedal is active or in sleep mode, and if a surgical handpiece is connected. The display screen will also 

show the pedal number as the surgeons can connect and use multiple pedals during operations.  

 

8.4.1 Pedal Functionality  

The new Foot Control Units will detect the pedal position through a Hall effect sensor. This 

measures variations in the strength of the magnetic field to adjust the output level. This sensor is 

mounted on the bottom of the Printed Circuit Board Assembly (PCBA), while a magnet is attached to 

the pedal. As the pedal is depressed, the magnetic field strength at the Hall effect sensor increases, 

providing feedback on the pedalôs position. Since the relationship between the magnetic field strength 

and the degree of pedal depression is nonlinear, calibration of the FCU is necessary for accurate output.  

Hall effect sensors are used in several applications, including position, speed, and current 

measurement. The Hall effect occurs when a conductive material carrying a current has a magnetic field 

applied perpendicular to the current flow, shown in Figure 3. This applied magnetic field exerts a force 
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on the moving charges, also known as the Lorentz force, which creates an electric field. This electric 

field is what creates the potential difference, which is measured as voltage [5]. 

 

Figure 3 Hall effect on a conductive material [4] 

In the case of the Empower FCU, the position application is used. A Hall effect sensor is 

implemented in the design of the FCU PCBA, detecting the position of the magnet in the pedal as it is 

depressed.  

8.4.2 Dome Switch Functionality  

 The Foot Control Unit is available in a Multi -Function or Dual-Function format. The Multi -

Function FCU has four dome switches, while the Dual-Function FCU only has one dome switch. These 

dome switches can be mapped out by the surgeon to control any operation on the console. The auxiliary 

buttons are made of silicone, rubber, or metal in a dome shape above the primary circuit; providing 

tactile feedback to the surgeon when the dome switch is fully depressed [6]. This allows the surgeon to 

control the console without removing their attention from the patient. 

8.4.3 Software  

The FCU supports two communication protocols for pairing with the Empower system: wired 

and wireless modes. In wired mode, a custom cable connects the FCU to the Empower console, using 

the Controller Area Network (CAN) protocol for communication. Controller Area Network (CAN) is 

ñan asynchronous serial communication protocolò used in automotive and other industries for reliable, 

repeated transmission of sensor data. CAN with Flexible Data-rate (CAN FD) builds on standard CAN 

by supporting a variable transmission bit rate and message payload size [7]. In wired mode, the Empower 

FCU communicates over the CAN bus to exchange pieces of data, including FCU version, dynamic 

identifier, button outputs, error messages, and pedal position. In wireless mode, the FCU employs a 

version of the Bluetooth protocol that exclusively connects to the Empower Console.  

 

The FCU uses Electrically Erasable Programmable Read-Only Memory (EEPROM) to store its 

version information, which can be accessed by the Empower console. This information allows the 



 

4 

 

console interface to control the dome switch functionalities based on the user input. The number of 

configurable dome switches on the FCU is determined by the version data stored in the EEPROM.  

 

The FCU was designed to support firmware updates via the CAN bus using a Medtronic software 

tool. This capability depends on a specialized bootloader embedded in the microcontroller unit (MCU)ôs 

protected memory space. When triggered by a specific CAN message, the bootloader enables the 

existing firmware to be erased and replaced with a new version transmitted over the CAN bus.  

 

A bootloader is a critical piece of code that executes on system startup, initializing hardware and 

ensuring the main application launches consistently. Beyond basic startup tasks, bootloaders manage 

firmware updates by interfacing with communication peripherals (e.g., UART, USB, or CAN in the 

case of the FCU). Unlike application code, the bootloader resides in a write-protected memory region, 

preventing accidental deletion during updates and enabling recovery even if  the main firmware fails or 

is corrupted during the updating process [8].  

 

For example, the nrf5340 bootloader (Figures 4-5) demonstrates this process: it erases the old 

application and programs new firmware in its place. In the test fixture, the bootloaderôs CAN-based 

update capability is essential for efficient software verification and potential reprogramming at the end 

of a manufacturing line. 

 

 

Figure 4 Bootloader Application Code Schematic [8] 
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Figure 5 Bootloader Overwriting Schematic [8] 

8.5 Quality Assurance and Quality Control  

Quality assurance and quality control (QAQC) are essential for maintaining an effective and 

efficient manufacturing process. Quality assurance proactively implements systematic activities to 

ensure that a product meets its intended requirements with confidence. This process will follow the 

developmental lifecycle of the product[9]. Quality control focuses on reactively identifying and 

correcting defects in the final product at the end of production, ensuring the product meets the specified 

requirements established from quality assurance[9]. 

 

Currently, the QAQC of the FCU is being assured by using the next-generation EmPower 

console to test key functions of the FCU. This highlights a need for an improved QAQC approach as 

the manufacturing of the product will be outsourced, prohibiting the ability to send the manufacturer a 

product that is currently under research and development. The FCU QCU is intended to be integrated 

into the production line and provide QAQC, providing a testing fixture that is independent from the 

EmPower console.  

 

The FCU Quality Control Unit will verify all primary system functions, such as actuating the 

dome switches and pedals, while reading the resulting voltage output of the FCU through the CAN bus 

and checking the orientation and display of the LCD screen on the FCU. The benefit of having an 

independent test fixture like the QCU allows Medtronic to send to the manufacturers the components 

and firmware of the QCU to be assembled into the production line, guaranteeing that the QAQC of the 

new FCUs will function properly before distribution.  
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8.6 Preliminary Design Knowledge  

 This section provides a high-level overview of the key design components essential for 

developing the QCU, these ideas will be elaborated on in later sections.  

8.6.1 Two-Dimensional Movement Systems 

Two-dimensional movement systems are used for many applications that require precise 

placement of parts in a single plane, including but not limited to 3D printers or computer numerically 

controlled (CNC) machines. There are three common movement system configurations: cartesian, core 

XY, and H-bot. 

¶ Rectilinear (ñCartesianò) movement system 

As the name suggests, this system uses the standard x, y, and z coordinate system to move a 

printer head to any point inside the build volume, shown in Figure 6 below. It operates by moving 

the print head along a linear path, resulting in simplified motor controls for positioning the extruder 

while the build plate moves in the Y-direction.  

 

 

Figure 6 Rectilinear 3D printer [10] 

 

¶ Core XY movement system 

Core XY is a movement system widely used in the 3D printer market, laser cutters, and pick 

and place machines. It uses two stationary stepper motors and a crossed belt configuration to 

achieve coordinated motion along the X and Y axes. The belts are routed through a series of pulleys 

and fixed to the moving gantry, see Figure 7. This design provides high acceleration, great 

precision with a compact design, and requires less torque than the H-Bot movement system since 

the torque is distributed between the two motors.  
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Figure 7 Core XY Pulley Set-Up [11] 

¶ H-Bot movement system 

The H-Bot movement system is like the XY core movement but uses belts that form an óHô 

shape, shown in Figure 8. The H-Bot system also focuses on moving the print head in the XY plane 

while the base plate moves up and down to accommodate the Z-movement. Due to the shape of the 

pulley belts and the two stepper motors, a net torque is put on the center gantry and can lead to the 

center rails twisting as the gantry moves. This can be compensated for by having a very rigid frame 

to eliminate or reduce the twisting of the center rails, but to achieve a rigid frame, there will be a 

very high tolerance during manufacturing.  

 

 

Figure 8 H-Bot Pulley Set-Up [12] 
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8.6.2 Linear Actuators 

Linear actuators are mechanical devices that convert the rotational movement of motors into linear 

motion. There are various types of linear actuators such as belt driven actuators, screw driven, and ball 

screw driven. 

¶ Belt-Driven Linear Actuators  

Belt-driven linear actuators use a timing belt that interfaces with a pulley system to convert rotary 

motion into linear translation, as shown in Figure 9. This configuration creates a drive shaft that operates 

perpendicular to the direction of linear motion. These systems are commonly used in applications 

requiring long travel distances, high speeds, and relatively low torque. However, they lack precision and 

may pose several challenges in designs that require vertical motion, as they are susceptible to back 

driving if a breaking mechanism fails [13].  

 

Figure 9 Open Construction Linear Positioning Unit [14] 

 

¶ Screw Driven Linear Actuators  

Screw driven linear actuators operate with a solid nut sliding along a threaded shaft, much like a 

traditional nut and bolt, shown in Figure 10 below. The two types of screw driven actuators considered 

for this application are lead and ball screw actuators. Lead screws use a nut, typically made of bronze 

or plastic, that directly engages with the threaded shaft. The lack of roller bearings results in significant 

energy dissipation through friction and heat. This energy loss limits the duty cycle of lead screw 

actuators to roughly 50% [15], meaning that if the actuator extends and retracts for 10 seconds, it must 

stay at rest for 10 seconds before actuating again.   
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Figure 10 Screw Driven Linear Actuator Schematic [16] 

¶ Ball-Screw Driven Linear Actuators  

Ball screw-driven linear actuators incorporate recirculating balls at the nut and screw interface, 

much like ball bearings, to reduce the coefficient of friction, shown in Figure 11 below. This design 

minimizes the energy dissipation in the form of heat and allows for higher duty cycles and better 

efficiency [17]. However, these added benefits come with higher costs and maintenance requirements, 

as the bearings require regular lubrication to ensure peak performance and extend the lifespan of the 

components. 

 

 

Figure 11 Thomson Linear Ball Screw Schematic [17] 

 



 

10 

 

¶ Captive Linear Actuators  

 

Screw driven linear actuators are often sold in captive and non-captive configurations. Captive 

linear actuators convert rotational motion from motors into linear movement using a fixed housing 

design that allows the actuator to move in free space. This is achieved by preventing the rotational 

motion of the lead screw concerning the motor body often using a spline and spline housing 

mechanism integrated at the end of the lead screw, shown in Figure 12 below. The enclosed design 

of captive actuators improves user safety while providing more stability, allowing the actuator to 

handle higher load capacities and maintain alignment for higher precision. One disadvantage to the 

configuration of captive actuators is their overall length, which can make them less suitable for 

designs with limited space.   

 

  

Figure 12 Captive Linear Actuator Schematic [18] 
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¶ Non-captive Linear Actuators  

 

Non captive linear actuators are configured so that the lead screw passes through the motor body, 

shown in Figure 13 below [19]. This fundamental difference from captive actuators makes them 

suitable for designs that fix the lead screws at both ends and the payload to the motor body, shown 

in Figure 13 below.  

 

Figure 13 Non-Captive Linear Actuator Schematic [20] 

 

Figure 14 Non-captive linear actuator configuration [19] 

 

Commented [CT1]: Add ref to mcmaster part # 
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8.6.3 The Rust Programming Language 

 Rust is a modern systems programming language designed to provide the low-level control and 

performance of C and C++, while offering compile-time memory safety guarantees to prevent common 

errors such as buffer overflow. Its ownership and borrowing rules shift memory management to compile 

time, eliminating the need for a garbage collector ensuring no impact on runtime performance. Rustôs 

performance is comparable to C or C++, which are the other standard options for writing bare-metal 

firmware. For embedded and low level systems development, the Rust ecosystem offers specialized 

crates, for example, ñrppalò provides high level abstractions for accessing Raspberry Pi GPIO, SPI, and 

I²C peripherals, simplifying the development of hardware control software and low level testing 

frameworks [21]. 

 Errors in software range from unrecoverable faults that crash a program to recoverable conditions 

that can be gracefully handled and potentially recovered, and Rustôs error handling model explicitly 

distinguishes between these categories. Recoverable errors are represented by the ñResult<T, E>ò 

enumeration, which forces callers to handle or propagate failures explicitly using methods like ñmapò 

or the ñ?ò operator, promoting robust error propagation in contexts where hardware communication 

may intermittently fail. In hardware interfacing scenarios, managing recoverable errors through 

ñResultò allows systems to retry operations, switch to fallback modes, or log and isolate faults without 

bringing down the entire application, ensuring that embedded devices maintain functionality and 

resilience even in the face of transient errors. [22] 

8.6.4 Vision Systems and Algorithms 

Machine vision is a technology that uses imaging to automate investigation and analysis. A 

camera or sensor is used to capture an image, and a computer is used to process the image so useful 

information can be extracted from it. There are three main types of machine vision systems: Smart 

Cameras, PC-Based Systems, and Embedded Vision (Hybrid) Systems.  

Smart Cameras are small devices that do image acquisition, processing, and data analysis all in 

one system. These systems are more cost-effective and easier to use compared to PC-Based Systems, 

but they do not allow as much development flexibility  as PC-Based Systems or the use of more than 

one camera.  

PC-Based Systems, as mentioned before, are more expensive than Smart Cameras. Their main 

advantage is its ability to do more specialized tasks and use more than one camera. PC-Based Systems 

use a camera to acquire the image while all the processing and data analysis is done with the PC. This 

can be very useful if high computation power is needed for image processing and/or data analysis. 

Embedded Vision Systems, also known as Hybrid Systems, use both Smart Cameras and a PC 

in conjunction. Typically, with a Hybrid System, the Smart Camera will acquire and process the image 

while the PC does the data analysis. This is very useful for systems that have multiple cameras to acquire 

images because this takes some of the processing power needed away from the PC since it will only 

need to do the data analysis in a system like this. This system can also use the Smart Camera to just 

acquire the image like with the PC-Based System. This can be cost effective when the use case calls for 

a PC-Based System and the developer of the system already has Smart Cameras they could use instead 

of having to buy new cameras for the system. Even though the PC does image processing and data 

analysis and the Smart Camera just does image acquisition, like in a PC-Based System, this is still 

considered a Hybrid System. Embedded Vision Systems can also use regular cameras just like the PC-

Based System. In this scenario, what would make the PC-Based System an Embedded Vision System 
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is if it uses other types of sensors to help enhance the image processing. These sensors include but are 

not limited to encoders, Field Programmable Gate Arrays (FPGAs), or Inferred Sensors. 

Template matching is used to search a larger image (search area) for a smaller image (template). 

This is done by sliding the template image over the search area and comparing the similarity between 

the template and the spot the template is over in the search area. Each spot gives a score on similarity; 

this is typically a 0-1 score or 0-1000 score but can be different based on how the algorithm was written. 

The algorithm takes the highest score as its closest match. A threshold value can then be determined so 

the algorithm knows if the template is contained in the image or not. 

In the context of machine vision, template matching is used for feature location or detection. 

The FCU QCU utilizes this algorithm for feature detection only. Out of the three stages for machine 

vision; image acquisition, image processing, and data analysis, this algorithm is run during the data 

analysis stage. Feature detection, although faster than feature location, can take a lot of computing 

power. If the PC being used is not powerful enough or a Smart Camera is being used, template matching 

can take 5 minutes to an hour per image, depending on size of the image. The only way to shorten this 

time is to decrease the search area. Multiple things can be done to decrease the search area; either: 

minimize the camera sensorôs resolution for the use case, compress the image as much as possible 

without losing the needed data during image processing, and/or run a separate local search algorithm 

that uses a smaller predefined area or heuristics to narrow the search. 

9. Division of Labor 
The team structure was designed to leverage the strength of each team member while fostering 

the development of skills through collaboration. Team members were strategically paired to share their 

knowledge and experience of 3D modeling and assemblies in SOLIDWORKS. This collaborative 

approach further provided the opportunity for members to improve their project management skills. The 

projectôs software and hardware design phases were aligned with the strengths and interests of each 

electrical engineer, allowing them to take leadership roles in their respective areas. 

9.1 Team Structured 
 

¶ Chris Kellar (industry contact) ï feedback on subsystem ideas, feedback on final design, access 

to software that contained information to create our design requirements, and constraints. 

¶ Blake ï Frame design, XY core theory, motor selection, frame material selection, pulley belts 

selection, mechanical subsystem down selection, and guiding Matt and Raillys with 3D 

designing subsystems. 

¶ Calla ï Center gantry design, pedal depression mechanism background, linear actuator selection, 

XY movement and pulley design with Matt, base plate design, and mechanical subsystem down 

selection. 

¶ Dylan ï Designed the hardware system architecture, including CAN bus, motor controllers, and 

current sensor PCBAs, and integrated other sensors. Software architecture and backend code for 

motor control, pedal depression, FCU output monitoring and linearization, and CAN bus 

communication.     

¶ Jeremy ï GUI, vision system, and frontend software development.  

¶ Matt ï Frame design with Blake, Test fixture casing, electronics component compartment, 

mechanical subsystem down selection, and XY movement design with Calla.  
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¶ Raillys ïLinear Actuator mounting bracket, designing first iteration of gantry, mounting the pi 

camera to the top of the fixture, lighting, and mechanical subsystem down selection. 

 

Figure 15 Team organization chart.  

A clear and concise leadership structure is key to any successful team, project, or group activity. 

The Medtronic FCU quality control unit team aimed to understand individual learning styles, academic 

strengths, and efficient communication skills. In Figure 15, an organizational chart shows how the team 

divided work according to people's proficiency and how strengths could be played off one another to 

effectively accomplish the given task at hand throughout the project.  

9.2 Billable Hours 

Table 1 Member-specific billable hours 

  
Monthly Total Hours Total Hours 

 Sept. Oct. Nov. Jan. Feb. Mar. Apr.  

Blake 
O. 52 52 19 24 47 33 28 255 

Calla 
T. 50.5 56 28 41 68 46 40 329.5 

Dylan 
K. 37 76 21 83 97 86 57 457 

Jerem
y G. 

36 32 10 30 33 36 22 199 

Matt 
E. 61.5 63.5 22 29 58 39 36 309 

Raillys 
O. 

43.5 39 18 24 56 33 24 237.5 
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10. Design  

10.1 Problem Statement  

Medtronicôs Ear, Nose, and Throat (ENT) division in Jacksonville, Florida, is developing the 

next-generation Integrated Power Console (IPC), known as the Empower Console. This device provides 

power to surgical hand tools and irrigation during surgical procedures. A key component of the Empower 

system is the Foot Control Unit (FCU), which allows surgeons to control various system functions, such 

as the operating speed of a handpiece and the flow of irrigation.  

 

Currently, the production and distribution of the FCUs are being outsourced, creating a challenge 

in ensuring quality assurance and quality control. The existing testing procedure relies on the Empower 

console prototypes to verify FCU outputs, which is impractical for outsourced manufacturing and 

introduces risks of inconsistent calibration, misconfigured outputs, and communication failures. The 

primary purpose of the Quality Control Unit is to provide an end-of-line test that ensures the FCUôs 

pedal, auxiliary dome switches, connection modes, and display are operating as intended before 

distribution.  

 

The Quality Control Unit will  achieve these through various tests as follows: read the output of 

the pedal depression and if the FCU output is incorrect, the system will calibrate the product by applying 

a linearization algorithm. The algorithm will collect data at various points along the path of depression 

and update the software accordingly. It will also actuate each dome switch and confirm that the output 

signal matches the expected reference, i.e., when dome switch one is engaged the system must register 

an output corresponding to dome switch one. The system will be able to test that the FCU can be 

configured in its two communication modes: wired and wireless. Lastly, the system will use pattern 

recognition to process pictures of the LCD on the FCUs to determine if they are displaying the correct 

information. 

 

Figure 16 Annotated Medtronic Midas Rex IPC Foot Pedal EF200 [4] 
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10.2 Design Requirements 

Design requirements give detailed descriptions of the functions and features crucial to the 

system's operation. These requirements contain measurable performance metrics including reliability, 

usability, maintenance, material selection, system integration, and industry standards and compliance. 

The FCU quality control unit will implement software and hardware designed to precisely control the 

pedal, calibrate the system, and evaluate the durability of the current product. To classify the importance 

of each requirement the following terms must be defined:   

 

Shall: Denotes all mandatory requirements, therefore the project success will be determined by these 

parameters.  

Should: Implies that these requirements are highly desired and will likely be incorporated into the 

design.  

May: Serves to describe the functions that are suggested but not required for successful operation.  

Below is a comprehensive list of the design requirements for the FCU quality control unit: 

10.2.1 FCU Quality Control Calibration: 

¶ Pedal and Auxiliary Dome Switches Actuation: 

o Pedal Depression:  

The system shall be able to measure the output of the FCU's pedal depression. 

o Force of Actuation: 

Á Pedal:  

The system shall be able to apply a minimum force of 50 N to the FCU pedal. 

Á Auxiliary dome switches: 

The system shall be able to apply a minimum force of 23 N to the auxiliary dome switches 

on the dual-function and multi-function FCU. 

o Actuation Travel:  

The system shall be able to actuate the FCU pedal for the entire length of its travel, which is 

10.41 mm from start to end of pedal depression. 

o Actuation Accuracy:  

The system shall be able to actuate the FCU pedal 128 steps for its full travel of 10.41 mm, 

which is step increments of 0.08 mm. 

o Auxiliary dome switches Activation:  

The system shall be able to detect when the auxiliary dome switches of the dual-function 

and multi-function FCU has been fully depressed.  

 

¶ FCU Version Detection: 

o FCU Connection Mode:  

The system shall be able to verify the connection mode of the FCU, wired or wireless. 

o Model Accommodation:  

The system shall have the capability to hold the dual-function and multi-function FCUs in 

place during testing. 

o Physical Detection: 

The system shall use a method of physical detection to determine the version of FCU. 
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o Wired Communication: 

The system shall use a wired connection with the FCU to detect the version of FCU. 

¶ Display Verification: 

o FCU Dynamic Identifier:  

The system shall verify that the FCU's LCD is displaying the dynamic identifier, 

representing the handpiece currently controlled by the FCU via the Empower console. 

o FCU Mode:  

The system shall verify that the FCU's LCD is displaying Wireless or Wired mode. 

o FCU Battery Charge:  

The system shall verify that the FCU's LCD displays the battery charge. 

o Cross Verification:  

The system shall cross-verify the display's information with the information collected 

through the wired connection between the system and FCU. 

¶ FCU Linearization:   

The system shall be able to stop depressing the FCU pedal to collect data at the different 

point. Once the data has been collected along the FCU pedal depression path, a linearization 

algorithm can be performed. 

¶ FCU Programming:  

The system shall be able to program the FCU through the wired connection, enabling 

linearization for each unit. 

10.2.2 Testing: 

¶ End-of-Line Test: 

o Version Verification:  

The system shall cross-verify the FCUôs version to ensure that the unitôs internal software 

correlates to the physical detection method of the FCU. 

o Pedal Functionality:  

The system shall verify that the FCU pedal depression has the proper output and is 

calibrated. 

o Dome switch Functionality:  

The system shall verify that the FCU outputs the signal that correlates with the dome switch 

that was depressed.  

o FCU Connection Mode Functionality:  

The system shall be able to verify that both the wired and wireless modes properly function. 

o Display Functionality:  

The system shall be able to cross-verify that the information displayed on the LCD of the 

FCU has correct information. 

¶ Test Duration:  

End-of-line testing should not exceed 10 minutes per unit. 

¶ High Stress Test:  

The system may be able to apply a force of 1350N for 1 minute to the dome switch(s), 

pedal, and housing of the FCU. Following the high-stress test, the system shall measure the 

functionality of the dome switch(s) and pedal. 
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¶ Long-Term Stress Test: 

The system should perform an accelerated long-term stress test by depressing the FCU's 

pedal repeatedly to a minimum of 91,500 pedal actuation cycles. The system should also be 

able to depress the dome switch(s) repeatedly for a minimum of 132,000 dome switch actuation 

cycles. During and/or after the test, the system should collect pedal position and dome switch(s) 

output. 

o Measurements: 

Á Output of FCU Pedal Depression:  

The system should collect the voltage associated with the corresponding pedal depression 

depth. 

o FCU Battery Life:  

The system should be able to measure the percentage of battery life of the FCU. 

10.2.3 Software:  

¶ User Interface: 

o Touch Screen:  

The operator shall interface with a touchscreen display. 

o Mode Setting:  

The quality control unit user interface shall allow the user to set the active mode: end-of-

line, long-term stress, and high-stress test. 

o Parameter Setting:  

The quality control unit user interface shall allow the user to set the specific parameters of 

the test: repetitions, speed, time, force, etc. 

o Configuration Memory:  

The quality control unit user interface shall allow the user to save the set of parameter 

settings for a test. 

¶ CAN Bus Monitoring:  

The system shall be able to monitor the FCU's CAN bus. 

¶ Network Connectivity:  

The quality control unit shall be able to connect to the Medtronic network. 

¶ Network Independence:  

The quality control unit shall be able to operate with no network connection. 

¶ System Software Updates:  

The system shall be able to receive firmware updates from the network. 

¶ FCU Software Update:  

The quality control unit shall be able to receive firmware updates from the network. 

10.2.4 Safety: 

¶ System Sealed:  

The system shall not run any tests while the systemôs door is open. 

¶ Fixture Lockout:  

The system shall engage a safety lock on the door when testing is active. 

¶ Overdriving Detection:  
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The system shall collect force feedback metrics from the actuator to detect if the force 

applied has exceeded the required force for an action to protect the FCU. 

¶ Emergency Shut Off:  

The system shall have an emergency shut-off switch to stop all power going to the systemôs 

power supply. 

10.3 Design Constraints 

 Design constraints influence the technical requirements listed above by describing the limitations 

and restrictions of the system. They are implemented to define the boundary conditions and determine 

the feasibility of the proposed design. These constraints play a critical role in the engineering design 

process as they establish the limits on which the system must operate to ensure the successful execution 

of the design. Below is a comprehensive list of the important design constraints including budget, safety 

standards, material availability, and user accessibility.  

¶ Budget:  

The budget shall not exceed $5,000.  

¶ Safety:  

The control unit should be designed to prevent bodily harm for the operators during use and 

comply with the safety requirements detailed in section 10.2.4. 

¶ User Accessibility: 

ü The system should be designed to receive test mode input from the user.   

ü The system should be designed for easy access to parts that will require maintenance. 

¶ Maintenance:  

Components that require frequent replacement or are at high risk of breaking should be 

designed for easy access during maintenance. Customization of parts should be minimized to 

simplify replacement of said parts.   

¶ Security:  

ü Remote monitoring of tests and exporting of reports is limited to Medtronic employees only. 

ü Access to the FCU firmware is limited to Medtronic employees only. 

10.4 Design Alternatives and Decision-Making Process (Concept Selection) 

Design alternatives and the decision-making process help engineers meet the defined 

requirements and constraints of a problem by identifying potential solutions for key features required 

for the proposed project. The concept selection process uses these defined requirements to establish 

selection criteria and build a decision matrix to evaluate the proposed design alternatives, providing a 

structured approach for determining the optimal system design. This process allows for a final product 

that not only addresses the problem statement but guarantees that the ideal design is selected. 

10.4.1 Movement System  

 To meet the requirements of depressing the foot pedal and actuating up to four dome switches, 

the FCU Quality Control Unit must be able to accurately position the linear actuator over each. To 

determine the optimal movement system for the control unit, designs for positional control of filament 

extruders are considered: the Cartesian, H-Bot, and Core XY movement systems (see Section 8.6.1, 

Two-Dimensional Movement Systems). 
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A cartesian movement system requires the build plate to move along the y-axis, which would 

significantly increase the size of the quality control unit. The space would have to be twice as long as 

the FCU to reach all the dome switches found on the multifunction FCU. Additionally, its z-axis 

movement involves lowering the entire center gantry, risking interference between the center gantry 

and the FCU during pedal depression and button actuation. While the H-Bot movement system often 

causes torque on the center gantry, the Core XY design mitigates this issue, making it the optimal choice 

for the Quality Control Unit.  

 

10.4.2 Pedal Depression 

The FCU quality control unit must precisely depress the foot pedal at a travel distance of 

10.41mm (see Section 10.4.2, Pedal Depression) while collecting 128 data points throughout that 

interval (see Section 10.4.2, Pedal Depression). A linear actuator has a high degree of precision, 

allowing it to convert different forms of energy into precise linear motion, making it suitable for this 

application. The types of actuators considered for this application were lead screw, ball screw, and belt 

driven linear actuators with the selection criteria focusing on factors such as the stroke length, precision, 

speed, and cost.  

 

The FCU quality control unit will utilize a screw-driven linear actuator for its superior positional 

accuracy and stiffness. Positional accuracy is a critical factor in actuator selection, which eliminates belt-

driven actuators from the potential solutions. Screw driven actuators also offer an increased stiffness 

when compared to other types, allowing for higher axial forces, especially in vertical orientations. A lead 

screw actuator is selected over the ball screw configuration to save cost, as energy efficiency is not a 

design priority. However, if future iterations focus on improving efficiency and reducing the overall 

testing time, a more expensive ball screw actuator may be considered as a potential upgrade.   

 

A NEMA 17 stepper motor linear actuator [20] with a 0.00125ò travel distance and 4.6ò travel 

length will be used for the pedal depression of the FCU quality control unit. This actuator is rated for a 

107 N dynamic load capacity, exceeding the minimum force (see Section 10.4.2, Pedal Depression). 

The 4.6ò travel distance allows for the actuator end to fully depress the pedal to the necessary accuracy 

and avoid collision with the FCU while moving in the XY plane.   

 

Commented [el2]: ? Dr. B 
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Figure 17 Stepper Motor with Linear Actuator (8677N86) [20] 

10.4.3 Dome switch Actuation  

 Actuators are the foundation for the pedal depression and auxiliary dome switch actuation. Lead 

screw driven linear actuators allow for accurate positional movement and an ability to give positional 

feedback after each incremental step. They allow the end to extend at a slow pace and can switch 

directions through a change in the polarity of the applied DC voltage.   

 

Solenoid actuators also meet the force requirements needed (see Section 10.4.2, Pedal 

Depression). The drawbacks are inconsistent voltage fluctuations and a lack of direct positional feedback 

since it operates with only one maximum position. Another distinction lies in what returns the solenoid 

to its original position: an internal spring. This could cause inconsistencies in the data points. 

Implementing solenoids increases cost and electrical design complexity, which makes them impractical.  

 

10.4.4 Electrical Hardware Selection 

The Raspberry Pi 5 was chosen as the controller for the QCU due to its processing capabilities 

and versatile features. At its core, a 2.4GHz quad-core 64-bit Arm Cortex-A76 CPU, the Raspberry Pi 5 

offers high computational performance, enabling seamless multitasking for complex operations. Its 

support for multiple communication protocols like I2C, SPI, and UART ensures robust interfacing with 

the QCUôs sensors and custom PCBAôs. The Raspberry Pi 5 also features a 40-pin GPIO header, dual 
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USB 3.0 and USB 2.0 ports, and two four-lane MIPI camera/display transceivers, allowing integration 

of peripherals such as the touch display and camera. Built-in Bluetooth and dual-band Wi-Fi provide 

reliable wireless communication, enhancing system flexibility [23]. Furthermore, its affordability, 

extensive support ecosystem, and compatibility with a wide range of applications make it ideal for both 

prototyping and industrial implementations.  

 

10.4.5 Vision System 

The Raspberry Pi High Quality Camera CS Mount was chosen for its ease of integration with 

the Raspberry Pi 5, high-resolution sensor, C/CS mount, and low-light performance. The camera is 

designed specifically to work with any Raspberry Pi from the Pi 1 Model B onwards. There are plenty 

of Python libraries and documentation available for these cameras. The sensor chosen has 12 

megapixels, which well exceeds the minimum resolution needed for this application. It is estimated that 

the minimum resolution needed is in the thousands of pixels, which is well below the 12 megapixels 

resolution from the camera. C mount and CS mount lenses are the most common mount types for vision 

system lenses. This gives more options of lenses to choose from and allows for reusing other machine 

vision lenses left over from other vision systems if needed by the FCU manufacturer in the future. The 

last reason for choosing the Raspberry Pi High Quality Camera CS Mount is the excellent low-light 

performance. Although the design for the fixture includes lighting for the vision system, having good 

low light performance helps to eliminate the risk of the enclosure not having adequate lighting to 

differentiate the various icons. 

 

The Raspberry Pi 16mm C Mount Camera Lens was chosen for its adjustable focal length and a 

field angle compatible with the Raspberry Pi Cameraôs sensor size. There are pros and cons to both 

fixed and adjustable focal length lenses. The main reason for choosing an adjustable focal length lens 

is to allow for camera mounting flexibility. The camera has a 7.9mm diagonal sensor size, which is 

approximately 1/2ò. This means the Raspberry Pi 16mm C Mount Camera Lens is large enough to 

display an image without creating vignetting on the captured image. 

10.4.6 Electrical Alternatives  

 The Raspberry Pi 5 chosen as the controller for the fixture couldôve been replaced with a small 

Dell computer. Dell computers have been used in the past by Medtronic on similar test fixtures. There 

are a few reasons a computer like this was not chosen for the project including but not limited to: the 

price, the size, the difficulty of acquiring one, and the excess capability. The Raspberry Pi5 is 

approximately $80 while a Dell computer commonly used by Medtronic can cost anywhere from $500 

to $1000. Although Dell offers computers in a small formfactor, the Raspberry Pi 5 is significantly 

smaller than any computer Dell offers and mounts well on the back of the Raspberry Pi Touchscreen 

used for interfacing with the fixture. For this project, the only capability needed by the fixtureôs 

computer is to run Python and Rust code, and to control all the fixtureôs subsystems. The Dell comes 

with Windows 11, which can do more than needed. The Raspberry Pi 5 comes with the Rasbian OS, 

which is lighter than Windows 11. 

 The Raspberry Pi High Quality Camera CS Mount could be replaced with a smart camera or a 

normal vision system camera. The reasons these alternatives were not selected have to do with the ease 

of integration of the Raspberry Pi Camera with the Raspberry Pi, the ease of software integration with 

the rest of the system, and the cost-effectiveness of the Raspberry Pi Camera. The Pi Camera costs 

approximately $50, while a vision system camera can run anywhere from $500 to $5,000. 
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 The Raspberry Pi 16mm C Mount Camera Lens could be replaced with any C or CS mount lens 

due to the adaptor that comes with the Raspberry Pi Camera. The reason a vision system specific lens 

was not used was due to the cost. Most vision system lenses start around $1,000 and can easily be 

$10,000 plus, while the Raspberry Pi Lens is approximately $50. The Raspberry Pi Lens has a wide 

range of F stop settings and a large focal length. This provides flexibility in camera mounting, and once 

the final design is settled upon by Medtronicôs manufacturer, they have the option to replace the lens 

with a fixed focal length lens and more attuned for their use case. 

 For the QCU, we opted for a custom-designed PCBA motor controller rather than an off-the-

shelf alternative to precisely meet the systemôs unique integration and performance demands. 

Commercial controllers typically offer general-purpose features that either exceeded our needs or fell 

short in critical areas, such as the number of controllable motors, voltage compatibility, and current 

handling. By designing our own controller, we ensured that it not only met these specific technical 

specifications but also provided GPIO access, allowing seamless control by the Raspberry Pi. 

Additionally, the tailored form factor of the custom PCBA enabled optimal integration within the 

systemôs spatial constraints. 

10.4.6 Selection Criteria and Weighting  

Medtronic applies the Analytic Hierarchy Process (AHP) to break down complex design 

decisions into simplified sub-systems [24]. The primary system functions are determined by the design 

requirements (see Section 10.2, Design Requirements) and weighed by ranking each criterion against 

one another, using the key shown in Table 2 below.  

Table 2 Analytic Hierarchy Process Key. 

The criterion at the left is ____ than the column criterion along the top (place number in green square):  

10 = Much more important 10.00 

5 = More important 5.00 

1 = Equally Important 1.00 

1/5 = Less importance 0.20 

1/10 = Much less important 0.10 

 

Every function compared to itself is given a score of 1.00, meaning that is equally as important 

as seen in the black cells in Table 2. Examining the pedal depression in the left column (outlined in red) 

against the auxiliary dome switch actuation (outlined in blue), the ranking is as follows: The pedal 

depression is more important than the auxiliary dome switch activation and therefore given a score of 

5.00. The comparative method for system criteria weighting allows the relative importance of each to 

be highlighted in the final column. The analysis indicates that pedal depression and the accurate 

measurement of this depression are the most critical functions, as they have the highest score in the final 

column. This helps determine the function designs that must be prioritized during the down selection. 
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Table 3 System Criteria Weighting 

Objective: Determine the relative importance of each 
criterion.  Based on the results of the Criteria Ranking, 

some criteria may be dropped if a dramatic split is 

observed in the respective rankings.  Some criteria may 

rank very low compared to others. 
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Pedal Depression 1.00 5.00 5.00 10.00 0.10 5.00 1.00 37 0.28 

Dome Switch Actuation 0.20 1.00 0.20 10.00 0.10 5.00 1.00 18 0.13 

FCU Version Detection 0.20 5.00 1.00 10.00 0.10 5.00 1.00 22 0.17 

Display Verification 0.10 0.10 0.10 1.00 0.10 5.00 1.00 7 0.06 

Output Measurement of Pedal Depression  0.10 10.00 10.00 10.00 1.00 5.00 1.00 37 0.28 

Minimal User Steps 0.20 0.20 0.20 0.20 0.20 1.00 1.00 3 0.02 

Safety Requirements 1.00 1.00 1.00 1.00 1.00 1.00 1.00 7 0.05 
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10.4.5 Mechanical Subsystems  

Some designs proposals appear feasible in theory but may be unachievable or can be optimized 

for cost, efficiency, and effectiveness. To mitigate the possibility of an undesirable concept being 

selected, a thorough AHP down selection process for each mechanical subsystem is conducted, 

identifying feasible solutions that meet the requirements of the project. 

 

Three design alternatives for dome switch actuation are a single linear actuator, a linear actuator 

and one solenoid, and a linear actuator with five stationary solenoids. These alternatives will be further 

analyzed in the overall design selection (see Section 10.4.6, Analytic Hierarchy Process and Down 

Selection). The first design utilizes a precision linear actuator positioned over the relevant component 

through an XY movement system to depress both the foot pedal and all auxiliary dome switches. The 

second alternative utilizes a movement system to position the single solenoid over each dome switch 

while the linear actuator remains stationary over the pedal for precision data collection. The final 

proposed solution for dome switch actuation eliminates the need for a movement system by positioning 

a solenoid over each dome switch.  

 

The comparative method outlined in (Section 10.4.6, Selection Criteria and Weighting) is applied 

to each proposed design, resulting in the relative weighting of each to be highlighted in the final column. 

The single precision linear actuator is the best design alternative as it is the highest-ranking option, 

shown in the final column Table 4 below.  



 

25 

 

Table 4 AHP Dome Switch Actuation Alternatives 

Dome Switch 
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Single Linear Actuator 1.00 5.00 5.00 30.00 0.47 

Linear Actuator and One Solenoid 0.20 1.00 1.00 11.20 0.18 

Linear Actuator and Five Solenoids 0.20 1.00 1.00 11.20 0.18 

    52.4  

 

The FCU quality control unit must be able to hold both the Dual-Function and Multi-Function 

FCUs. The five potential solutions are straps, a clip and rail mechanism, foam forming, milling the two 

footprints into the base plate, and having separate base plates for each footprint. The highest relative 

weighting is 0.46 with a total of 35 points for the two overlayed footprints for the base plate design, 

shown in Table 5. 

Table 5 AHP Base Plate Alternatives 

Base Plate Design  
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Straps  0.20 10.00 0.10 0.20 10.50 0.14 

Clips and Rails 5.00  10.00 0.10 0.20 15.30 0.20 

Foam Forming 0.10 0.10  0.10 0.20 0.50 0.01 

Overlayed Footprints  10.00 10.00 10.00  5.00 35.00 0.46 

Two Separate Footprints 5.00 5.00 5.00 0.20  15.20 0.20 
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10.4.6 Analytic Hierarchy Process and Down Selection  

 The FCU quality control unit requires high positional accuracy for pedal depression (see Section 

10.4.3, Dome Switch Actuation), making a linear actuator suitable for this function. The various dome 

switches located on the Foot Control Units only need to be pressed to ensure functionality and do not 

require precise positioning.  

 

Three overarching designs are considered. The first design proposes a precision linear actuator 

to depress both the foot pedal and all dome switches. This will require a motion system capable of 

moving the actuator in the XY plane to position it above the pedal and each of the dome switches. A 

second alternative focuses on using a solenoid to actuate the auxiliary dome switches in combination 

with the precision linear actuator for foot pedal depression. The solenoid would be attached to the same 

gantry as the linear actuator, still requiring the use of a two-dimensional motion system. The final 

proposed design alternative uses the same linear actuator for pedal depression and implements five 
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solenoids for dome switch actuation, each positioned above the corresponding component. This would 

eliminate the need for a complex XY motion system, simplifying the overall design.  

 

The Analytic Hierarchy Process (AHP) is used to rank each of the previously mentioned design 

alternatives with respect to the defined criteria (see Section 10.4.6, Selection Criteria and Weighting). 

The evaluation process compares the use of a single linear actuator for both pedal and dome switch 

actuation, a combination of a linear actuator and a moving solenoid, and a design with separate actuators 

for each dome switch against each criterion, shown in Tables 6-8 below.  

Table 6 AHP Criterion 1 Pedal Depression  

Pedal Depression 
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Single Linear Actuator  1.00 1.00 2.00 0.33 

Linear Actuator and One Solenoid 1.00  1.00 2.00 0.33 

Linear Actuator and Five Solenoids 1.00 1.00  2.00 0.33 
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Table 7 AHP Criterion 2 Dome Switch Actuation 

Dome Switch Actuation 
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Single Linear Actuator   5.00 1.00 6.00 0.48 

Linear Actuator and One Solenoid 0.20   5.00 5.20 0.42 

Linear Actuator and Five Solenoids 1.00 0.20   1.20 0.10 
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Table 8 AHP Criterion 6 Minimal User Steps 

Minimal User Steps 
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Single Linear Actuator   1.00 1.00 6.00 0.48 

Linear Actuator and One Solenoid 1.00   1.00 6.00 0.48 

Linear Actuator and Five Solenoids 0.20 0.20   0.40 0.03 

    12  

 

A Pugh matrix is formed that evaluates the criteria against each design alternative to calculate an 

overall score that considers the relative weight of each criterion. The score from each subsystem is 

compared and the design with the highest score is selected as the best choice based on the defined design 

criteria. 

 

Through the application of the Analytic Hierarchy Process (AHP), each mechanical subsystem 

was carefully analyzed to determine the best approach to include all the primary functions required of 

the quality control unit. The comparison of the proposed design alternatives and weighted criteria 

determined the best approach is to implement a single linear actuator that moves in an XY plane. This 

actuator will depress the pedal and actuate all auxiliary dome switches, integrating these primary system 

functions into a single mechanism, shown in Table 9.  

Table 9 AHP Pugh Matrix 
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Pedal Depression 0.282 0.564 0.564 0.564 

Dome Switch Actuation 0.133 0.800 0.693 0.160 

FCU Version Detection 0.170 0.340 0.340 0.340 

Display Verification 0.056 0.113 0.113 0.113 

Output Measurement of Pedal Depression  0.283 0.565 0.565 0.565 

Minimal User Steps 0.023 0.137 0.137 0.009 

Safety Requirements 0.053 0.107 0.107 0.107 

 Column Total 3 3 2 

 Relative Value 0.37 0.36 0.27 
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10.5 Design Calculations 

10.5.1 Core XY Movement System Theory 

The FCU Quality Control Unit utilizes a Core XY 3D printer motion system. In this 

configuration, toothed pulleys are strategically positioned to transmit torque from the stepper motors to 

the gantry via timing belts. Smooth pulleys are employed to maintain belt tension and guide the belts 

along the designated path (see Figure 18). This setup enables the two stepper motors to control gantry 

movement in the XY-plane, governed by the following equations: 

Ўὣ Ўὃ Ўὄ       (1) 

Ўὢ Ўὃ Ўὄ       (2) 

Ўὃ Ўὢ Ўὣ                 (3) 

Ўὄ Ўὢ Ўὣ         (4) 

 

Figure 18 Annotated Core XY Movement Theory [11] 

10.5.2 Torque Calculations 

 The FCU quality control unitôs movement system is based on common 3D printer designs. The 

motors will need to be selected so that they have enough torque to move the center gantry on the XY-

plane. The motors are selected from a 3D printer with roughly the same build area as the required area 

of depression for the control unit. The weight of the center gantry for the quality control unit, including 

the linear actuator and the mounting bracket, will weigh less than the standard gantry of a 3D printer 

which uses this movement style. Since these motors can move a heavier gantry in the same area the 

torque requirements for motor selection will have been met for this design.  
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10.5.3 External Forces acting on the Gantry 

 The Core XY movement system uses a dual-belt pulley configuration to drive the center gantry. 

The two belts apply equal and opposite nonzero tension forces (green arrows) to the same side of the 

gantry. The other side of the belts are not applying any forces to the center gantry (blue squiggly arrows). 

The direction of these balanced forces eliminates the twisting of the center gantry since both belts apply 

force in the same direction from the motors, shown in Figure 19. The continuous belt tension prevents 

slack, ensuring both stepper motors apply consistent and balanced forces throughout the system. 

 

Figure 19 Core XY Free Body Diagram [12] 

10.5.4 Shear Force Calculations  

The center gantry for the linear actuator subassembly is the most load bearing component on the 

FCU quality control unit (see Section 10.6.4, Proposed FCU Quality Control Unit Gantry). To ensure 

the selected hardware can adequately support the weight, the shear stress on the bolts is analyzed when 

the actuator is applying the maximum load of 50N to the foot pedal. Figure 20 below shows the shearing 

force (F) of the bolt with an outer diameter (D). 
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Figure 20 Bolt Shear Stress Schematic 

The shear stress († is directly proportional to the tensile force (F) and inversely proportional to 

the cross-sectional area (A), listed in equation 5 [25]. The cross-sectional area of the M3x0.5 bolt is 

found from the CAD model of the bracket subassembly, shown in Figure 21. The CAD model calculates 

the weights of each component in the linear actuator subassembly from the geometry and assigned 

materials, shown in Figures 21 and 22.  

 

†
 

       (5) 
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Figure 21 Bracket Subassembly Weight 

 

Figure 22 Linear Actuator Subassembly Weight  

The total weight of the subassembly is 0.41kg, calculated in equation 6 [25]. The tensile force 

acting on the bolts is a result of the total weight of the center gantry subassembly and the reaction force 

from the force of the foot pedal during depression, shown in Figure 23.  

 

ὡ ὡ ὡ ὡ  Ȣ ὡ  ὡ Ȣ     (6) 

ὡ τπχȢςÇ πȢτπχὯὫ 
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The reaction force from pedal depression is shown in the free-body diagrams on the left side of 

Figure 23. The right side of Figure 23 shows the forces contributing to the shear stress on the bolts that 

mount the linear actuator subassembly to the center gantry.  

 

Figure 23 Center Gantry Free Body Diagram 

 

 The tensile yield strength (†  of the zinc coated steel bolts is assumed to be half of the axial 

yield strength listed in the material specifications from the supplier at 85ksi [25], [26]. Equation eight 

results in a shear stress of 29.4psi on the bolts. The factor of safety (ὲ is determined from the ratio of 

the materialôs shear strength to the applied shear stress, shown in equation 8, and resulting in a factor 

of safety of 2.9. This provides adequate confidence in the selected bolts and shows that they will not 

fail due to shearing from the tensile load of the linear actuator subassembly.  

 

† ςπσὯὖὥςωȢτὴίὭ 

† ψυὴίὭ [26] 

 

ὲ              (8) 

ὲ  2.89 
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10.5.5 Finite Element Analysis  

Finite element analysis or FEA is a simulated representation used to predict the effects and how 

a system responds to various types of mechanical loading such as dynamic, static, or thermal stresses.  

FEAs were conducted in ANSYS on the center gantry and base plate to validate the structural design of 

the FCU Qulaity Control Unit. The center ganry is subjected to transverse loading, making it the primary 

component at risk for bending.  The gantry rail mounts were fixed in the X and Y directions and the 

previously calculated reaction force (see Section 10.5.4, Shear Force Calculations) from the linear 

actuator was applied to the surface in contact with the guide rail carriage. The analysis resulted in a 

maximum deformation of 0.012ò and a peak stress of 12.5ksi, shown in Figures 24 and 25. While a 

bending moment on the guide rail is present, the stainless steel remains within its elastic limits, with a 

minimum safety factor of 2.94 as seen in Figure 26 below, indicating a low risk of permanent 

deformation. 

 

 

Figure 24 Guide Rail Static Structural Deformation Results  

 

Figure 25 Guide Rail Static Structural Von Mises Stress Results 
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Figure 26 Guide Rail Static Structural Safety Factor Results 

 

A FEA is conducted in ANSYS on the high-density polyethylene (HDPE) base plate as it is 

subjected to transverse loading. The material properties for the HDPE are shown in Figure 27 below 

[27].  

 

Figure 27 HDPE Material Properties [27] 

The edges of the base plate, held by the FCU QCU frame, are fixed in the X, Y, and Z directions, 

and the previously calculated reaction force (see Section 10.5.4, Shear Force Calculations) from the 

linear actuator was applied to the surface in contact with the actuator end. The analysis resulted in a 

maximum deformation of 0.014ò and a peak stress of 106psi, shown in Figures 28 and .  
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Figure 28 Base Plate Static Structural Deformation and Stress Results 
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10.5.6 Life Cycle Calculations  

 Following finite element analysis (FEA), a detailed assessment of the linear guide railôs life cycle 

was performed to ensure compatibility with the Quality Control Unitôs expected lifespan. Medtronic 

anticipates the production of 10,000 consoles, likely split evenly between dual-function and multi-

function FCUs. To account for the worst-case scenario, it was assumed that all 10,000 consoles would 

be multi-function FCUs, each requiring four button actuations and two pedal presses, resulting in six 

cycles per unit. This equates to a total of 60,000 cycles over the productôs lifetime. To ensure durability, 

the linear guide rail must exceed this minimum cycle count. However, to achieve infinite life, a 

component must typically withstand over one million cycles. 

 

 The loading condition for this component is fluctuating stress, which can be assumed to stay 

between the resting position and the max applied stress. Based on the FEA analysis, the minimum stress 

(„ ) is equal to 0 kpsi and the maximum stress („ ) is equal to 12.46 kpsi, as seen in Figure 25. 

Since the loading case is not fully reversible, the modified Goodman equation will be used to determine 

if the part will achieve infinite life. When looking at equation (9) [25] determines infinite life by 

comparing the stress amplitude to the endurance limit of the material and compares the mean stress to 

the ultimate strength of the material and if the sum of those comparisons are less than one, infinite life 

is achieved.  

 

ρ έὶ             (9) 

 

Solving for the necessary variables, the linear railôs material is 440 stainless steel [28], the 

ultimate strength (Ὓ  equals 280 kpsi [29]. The stress amplitude „  and mean stress („  are 

calculated using equations (10) and (11), respectively. 

 

           (10) 

 

           (11) 

  

Lastly, solving the endurance limit (Ὓ) of the material, this is usually calculated through test 

specimens to see what the value is for a given part, but there is an equation that uses the ultimate strength 

value and a handful of correction factors to predict how this test specimen will behave, see equation 

(12). This equation uses the following correction factors, respectively: surface conditions, size 

modification, load modification, temperature modification, reliability factor, and miscellaneous-effects 

[25]. Out of the six potential correction factors only two apply in this equation and the others are set 

equal to 1. 

 

Ὓ Ὧ Ὧz Ὧz Ὧz Ὧz Ὧz Ὓz             (12) 
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 Starting from the beginning, the first correction factor, Ὧ is the surface condition of the part. 

This linear rail is a high precision rail, that has been cold-worked and then machined finished, referring 

to Table 10 the following values can be used in equation (13) to get a correction factor of 0.61. 

 

Ὧ ὥẗὛ         (13) 

 

Table 10 Surface Finish [25] 

 
 

 The next correction factor is the size modification, refer to Figure 29 to see what equation and 

the criteria are to be used. The cross-sectional view of the linear rail can be seen in Figure 30. As seen, 

the linear rail is not round, therefore does not have a diameter. An effective diameter needs to be 

calculated so the correction factor can be determined. 

 

 

Figure 29 Size Factor Correction [25] 

 

Figure 30 Cross-sectional View of Linear Rail [28] 
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Both equation (14) & (15) were used to determine the effective diameter [25]: 

 

Ὠ πȢψπψὬz ὦ Ⱦ      (14) 
 

Ὠ πȢσχπὨ          (15) 

 

Ὠ ρφȢχ άά 

  
After calculating the diameter, the correction factor (Ὧ  equates to 0.91, see Figure 29. Moving 

onto the other correction factors, the loading modification (Ὧ) is set to 1 as the loading type is bending, 

see Figure 31. The temperature modification factor (Ὧ) is also set to one as the operating temperature 

range does not exceed 100 F which will not impact the yielding stress of the stainless steel. 

Additionally, the miscellaneous correction factor is set to 1. 

 

 

Figure 31 Loading Case Correction Factor  [25] 

 The last correction factor is determined from the reliability of the linear rail. The Quality Control 

Unit is expected to have a 90% confidence interval with a 90% reliability when performing any 

operation. Using this information the linear rail needs to have at least 90% reliability to not fail under 

these loading conditions, so looking at Table 11 the reliability factor (Ὧ) is set to 0.897. 

Table 11 Reliability Correction Factor [25] 

 
 

 Before calculating the endurance limit (Ὓ), the rotary-beam test specimen endurance limit (Ὓᴂ) 

needs to be determined based on the materials Ultimate tensile strength as seen in Figure 32. For 440 

stainless steels having an ultimate tensile strength of 280 kpsi, Ὓᴂ is estimated to be 100 kpsi according 

to the referenced Figure 32. 
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Figure 32 Endurance Limit Based on Ultimate Strength of the Material [25] 

 Calculating the endurance limit using equation (12), then checking to see if the part achieves 

infinite life using the modified Goodman equation (9). The guide rail is estimated to achieve infinite 

life with a calculated factor of safety of 6.78. However, this value is based on the fatigue life equation 

for a solid bar and does not account for geometric discontinuities such as holes and notches present in 

the actual rail. As a result, the true factor of safety is likely lower, and the calculated value should be 

considered a conservative overestimation. 

 

Ὓ πȢφρzπȢωρzρz ρz πȢψωχzρρππ ὯὴίὭτωȢχω ὯὴίὭ 

 

φςσπ ὯὴίὭ

τωȢχω ὯὴίὭ

φςσπ ὯὴίὭ

ςψπ ὯὴίὭ
πȢρτχ 

 

πȢρτχ ρȢπ 
 

ὲ
ρ
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10.5.7 FCU calibration 

Medtronic has developed a linearization algorithm for the FCU, designed to ensure precise 

position output. The process involves the QCU systematically depressing the FCU along its full 

10.41 mm travel path, pausing at 128 predefined points to collect raw ADC output readings from 

the FCUôs Hall sensor. At each point, 30 samples are gathered, a new measurement being taken 

every 10 milliseconds, totaling 3840 data points and taking approximately 38.4 sec for data 

collection (not including actuation of pedal time). Once the data collection is complete, the QCU 

software invokes the algorithm, which processes the gathered samples and linearizes the sensor 

output. Once the algorithm has completed, the FCU software will be updated based on the output 

utilizing the bootloader. 

 

Ὓ ὔόάὦὩὶ έὪ ίὥάὴὰὩί ὴὩὶ ὦὭὲσπ ίὥάὴὰὩί 

 

Ὓ Ὕέὸὥὰ ίὥάὴὰὩ ίὭᾀὩρςψzὈ σψτπ ίὥάὴὰὩί 

 

Ὕ ὈόὶὥὸὭέὲ έὪ Ὠὥὸὥ ὧέὰὰὩὧὸὭέὲπȢπρπzὈ σψȢτ ίὩὧ 
 

 The amount of data collected per FCU linearization performed can also be calculated. 

 

Ὀ ὄὭὸί ὴὩὶ ίὥάὴὰὩρτ 

Ὀ Ὕέὸὥὰ ὥάέόὲὸ έὪ Ὠὥὸὥ ὧέὰὰὩὧὸὩὨὈ Ὓz υσχφπ ὦὭὸίφχςπ ὄώὸὩ Commented [el9]: Electrical and Linear actuator 

calculations? Dr. B 



 

40 

 

 
 

 

 

10.6 Proposed Design 

 

10.6.1 Proposed FCU Quality Control Unit Design 

 This is the quality control unit, which will be able to calibrate the foot pedal, check the 

functionality of each dome switch, and check whether the LCD screen display is turning on. This test 

fixture will be able to accommodate the two separate FCU designs. 

 

Figure 33 FCU proposed Quality Control Unit 

 

10.6.2 Proposed FCU Quality Control Unit Frame 

The frame of the test assembly will be comprised of 80/20 rails seen in Figure 18 held together 

with hidden brackets. The frame of the quality control unit will need to have multiple mounting points 
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for the core XY movement system, which contains linear rails, pulleys, and motor mounts. The bottom 

double rails on the frame will allow for the baseplate to easily slide in or out of the frame, this accounts 

for the possible design integrations the FCU may go through. The 80/20 extrusions will allow for easy 

mounting of the acrylic panels that will be used to fully  enclose the control unit to comply with our 

requirements (see section 10.2.9 Safety). 

 

 

Figure 34 Core XY Quality Control Unit Frame CAD Assembly 
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Figure 35 Quality Control Unit Frame Exploded View CAD Drawing  
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The base plate subassembly, shown in Figure 36 below, includes the custom base plate, four bracket 

subassemblies, and three IR sensors.  

 

  

Figure 36 Annotated Base Plate Assembly Exploded View 

The FCU quality control unit must be able to accommodate both the Dual-Function and Multi-

Function FCUs, which presents a challenge due to the varying geometries of these products. The chosen 

solution involves milling a footprint into a high density polyethelene plate that is 0.01ò larger than the 

overlay of the two FCUs, annotated in Figure 36. This offset allows the product to fit securely in the 

base plate while accounting for the tolerances and variability in the base plate and injection molded 

FCU housings. The initial prototype will be 3D printed with an fused deposition modeling (FDM) 

printer. To ensure the version detection of the FCU that is placed into the control unit, three IR sensors 

will be used. The dimensions of the sensor cutouts is shown in the CAD drawing, Figure 37, and 

highlighted by detail A.  Full size CAD drawings are shown in the Appendix.  
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Figure 37 HDPE Base Plate CAD Drawing 

The mounting bracket subassembly includes a custom bracket, a T-slot connector, and three 

1/4x20 steel hex drive screws , shown in Figure 38 below. These brackets will be implemented in the 

design for mounting the base plate to the frame and help mitigate the shear stress on the bolts by 

supporting the plate from the bottom. Detailed CAD drawings and schematics of the base plate bracket 

sub-assembly can be found in the Appendix. 

 

Figure 38 Base Plate Bracket Subassembly CAD 
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The QCUôs baseplate features three holes, each aligned with an IR sensor mounted directly 

below. When an FCU is placed into the fixture, parts of its body will cover or leave exposed each of the 

IR sensors. The QCUôs software reads the resulting pattern, treating a covered IR sensor as a ñ1ò and 

an uncovered sensor as a ñ0ò, to identify whether the FCU is a dual function or multi function. Only 

two specific sensor patterns correspond to valid FCU version, any other pattern (marked ñXò in Figure 

39) indicates misalignment or no FCU is present. 

Table 12 IR sensor truth diagram 

Value Version 

Sensor 1 Sensor 2 Sensor 3 

0 0 0 X 

0 0 1 X 

0 1 0 X 

0 1 1 Multi  

1 0 0 X 

1 0 1 X 

1 1 0 Dual 

1 1 1 X 

   

  

Figure 39 IR photodiode sensor slots in quality control unit base plate 
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10.6.3 Proposed FCU Quality Control Unit Core X-Y Movement  

 

The Core X-Y movement system, shown in Figure 40 below, includes two X-gantry 

subassemblies, the XY carriage subassembly, linear actuator subassembly, two stepper motor 

subassemblies, two idler bracket subassemblies, two ball bearing carriages, two guide rails, and two 

high-strength timing belts. The upper and lower pulley belt planes are shown in blue and red, respectively 

(see Section 10.4.1, Core XY movement system). 

 

Figure 40 Core X-Y Movement Subassembly CAD Model 

Two NEMA 17 Stepper Motors[30] are mounted in the back of the fixture that will attach to the 

center carriage using a timing belt and a series of pulleys that extend down along the inside of the frame. 

The pulleys work in tandem to move the center carriage to all of the required locations during testing 

(see Section 10.5.1, Core XY Movement System). This design uses two separate timing belts, made of 

high-strength neoprene that will connect to the middle carriage allowing for 2 degrees of freedom 

needed to control the linear actuator position in the FCU quality control unit. Figure 41 displays the 

Core X-Y movement system CAD drawing, full size CAD drawings are shown in the Appendix.  

 

 

 



 

47 

 

 

Figure 41 Core XY Movement Subassembly CAD Drawing 

 

Stepper motors were chosen for the X-Y Movement system due to their ability to deliver 

precision control and sufficient torque for driving the pulley system. These motors can maintain their 

position when continuous power is supplied, which is critical for stability in applications requiring stable 

accuracy in a specific position. Stepper motors are widely used in systems like 3D printers and CNC 

machines because they are easy to use and reliable. Additionally, micro stepping control enhances their 

capabilities by subdividing each step into smaller increments, enabling high resolution and smooth 

movement. The NEMA 17 stepper motor was chosen for its versatility, cost-effectiveness, and proven 

reliability in similar systems, making it a popular choice for precision motion control. 

 

A custom PCBA is designed using the DRV8434PWPR motor controller due to its advanced 

features that optimize performance and reduce costs. The controllerôs ability to micro step up to 1/256 

enables the use of less precise, more affordable stepper motors while still achieving high-resolution 

movement. Integrated current sensing ensures that the current delivered to the motor coils remains 

consistent under varying load conditions, enhancing reliability [31]. The STEP/DIR interface simplifies 

control by allowing adjustments to the micro stepping level and motor direction. Additionally, the smart 

tuning feature provides adjustable motor decay settings, enabling precise control over how quickly the 

current driving the motor decreases, which enhances efficiency and performance [32].  
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To limit the temperature rise to 10 °C, with 1 oz./sq. ft. copper weight, a trace carrying three 

amps should have a width of 50 mils [33]. The custom PCBA has multi-layer trace routing with trace 

widths of 12.5 mils (see Appendix 16.4 Proposed Design), for motor control to allow for sharing of 

current load. Additionally, there is a potentiometer that allows for current tuning from the 

DRV8434PWPR. Two different current sensing methods are being evaluated, one using a Hall current 

sensor and the other using a differential op amp. The method with the highest accuracy will be 

implemented.  

 

The motor subassembly, shown in Figure 42, includes the selected stepper motors, a timing belt 

pulley, and the custom motor mount. The corrosion-resistant aluminum timing belt pulley [34] features 

a set screw that allows for the pulley to be secured on the flat edge of the D-profiled motor shaft. The 

motor will then be secured to the motor mount with four M3x0.5 screws.  

 

Figure 42 Stepper Motor Subassembly CAD Model Exploded View 

The custom motor mount, is inspired by the 3D distributed motor mounts [35] used in a custom 

3D printer build. It features T-slot extrusions on the exterior faces to securely fasten to the frame, 
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detailed in the CAD drawing in the Appendix. The mount also includes cutouts throughout the main 

body to ensure the corresponding aluminum timing belt pulley is in line with the rest of the pulleys and 

timing belts in the system.  

 

The idler bracket subassembly, shown in Figure 43 below, includes a custom bracket, two toothed 

pulley stacks, two M5x0.8 hex nut screws, and two locking nuts.   

 

Figure 43 Idler Pulley Subassembly CAD Model Exploded View  

The idler bracket subassembly is the key to aligning the timing belts, detailed in the CAD drawing 

in the Appendix. The pulleys must be adequately aligned so that the timing belts do not cause an increase 

in torque on the motors. The triangular nature of the corner mount allows for an easy 90-angle change 

in the geometry of the timing belts, further keeping the belt taut throughout the system.  

 

The corner bracket is designed to be used in both front corners of the FCU quality control unit. 

It is symmetric about the horizontal axis providing a versatile design of a single component that can be 

flipped upside down and mounted to either corner. It features through holes that allow for M5.0.8 screws 
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to constrain the pulley stacks aligning them with the pulley heads on the stepper motor mounts that 

allow for the belts to run through the X-gantry brackets without interference. Full size CAD drawings 

are available in the Appendix.  

 

The idler bracket and X-gantry bracket employ pulley stacks to accurately align the offset timing 

belt planes. Each pulley stack subassembly, shown in Figure 44 below, includes a timing belt pulley, 

two nylon washers, three steel washers, and an aluminum spacer. The pulley stacks are designed for 

versatile mounting, allowing installation in either the standard or inverted orientation, depending on the 

required timing belt plane at each location. Notably, two out of the eight pulley stacks will utilize a 

smooth timing belt pulley (refer to Section 10.5.1, Core XY Movement). 

 

Figure 44 Toothed Pulley Stack CAD Model Exploded View  

The pulleys are designed to have a 90-degree directional change at each corner of the frame. 

Given the predominately metal framing structure, lubrication is necessary to ensure the dynamic joints 

throughout the fixture operate as intended and prevent mechanical binding up throughout the life cycle 

of the FCU quality control unit. The inclusion of nylon washer, between each pulley allows for 

flexibility and additional lubrication, which supports the rotational motion of the pulleys. The washers 

will mitigate unnecessary resistance and reduce excess torque on the motors, enhancing the overall 

efficiency of the control unit. 

 

Commented [el12]: ? Dr. B 



 

51 

 

The X-Gantry subassembly shown in Figure 45 below, includes a custom mounting bracket, eight 

M3x0.5 socket head screws, two pulley stack subassemblies, a custom guide rail mounting bracket, two 

locking nuts, and two M5x0.8 socket head screws. 

 

Figure 45 X Gantry Subassembly CAD Model Exploded View 

This subassembly is designed to mount the center gantry to the side rails, providing a method of 

moving the linear actuator in the second direction. Each subassembly will have pulley stacks that 

correspond with the required timing belt pane (see Section 10.5.1, Core X-Y Movement and 10.6.2, Final 

FCU Quality Control Unit Core X-Y Movement). There will be a smooth and toothed pulley on each 

side of the subassembly that interfaces with the smooth and toothed side of the timing belts, respectively. 

The smooth pulleys serve to keep tension in the system thus allowing the linear actuator to move 

smoothly from one position to the next.  
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10.6.4 Proposed FCU Quality Control Unit Gantry  

The final FCU quality control unit gantry will include the XY carriage subassembly and the linear 

actuator subassembly shown in Figure 46 below. 

 

 

Figure 46 Gantry Subassembly Exploded View 
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The XY carriage subassembly, shown in Figure 47 below, includes a custom mounting bracket, 

the selected ball bearing carriage [36], and four M3x0.5 steel screws [26].   

 

Figure 47 Center Carriage Subassembly Exploded View 

The custom mounting bracket will be machined from a solid 6061-aluminum bar and is designed to 

mount to the top of the selected ball bearing carriage using M3x0.5 steel screws. Additionally, the front 

face of the bracket features four M3x0.5 tapped through holes for the linear actuator mounting bracket 

and two slots on the front and back faces for the attachment of the timing belts. The machining process 

and CAD drawing for the custom bracket is shown in Figure 48 below. Full size CAD drawings are 

shown in the Appendix.  

 

 

Figure 48 XY Carriage Bracket Machining Process 
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The linear actuator subassembly, shown in Figure 49, includes a NEMA 17 linear actuator a rod 

alignment coupler, a custom aluminum rod, a mounting bracket, and four M3x0.5 screws. The quality 

control unit must be capable of depressing the foot pedal with a minimum force of 50 N and collecting 

128 data points within the depression range of 10.41mm, with each data point spaced 0.081mm apart 

(see Section 10.2.3, Pedal and Auxiliary dome switches Actuation). The required force for the dome 

switches on both versions of the FCU is significantly less at 23N therefore the force requirement for 

them is negligible. The chosen compact stepper motor linear actuator allows for a maximum applied 

force of 222.4N and can step in increments of 0.00396mm, making it suitable for this application [20].  

 

 

Figure 49 Linear Actuator Subassembly Exploded View 

The linear actuator will be equipped with a rod alignment coupler, functioning as a floating joint to 

compensate for the angle shift during pedal depression. This coupler will be attached to a custom 

aluminum rod, which will be drilled and tapped to fit the alignment coupler. The rodôs end features a 

domed surface to interface with the pedal and dome switches, reducing the risk of slipping off the 

auxiliary buttons. It will have a flat surface at the outer edges to ensure consistent contact with the pedal 

that is perpendicular to its surface. The machining process for the custom bracket is shown in Figure 50 

below. Full size CAD drawings are shown in the Appendix.  
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Figure 50 Custom Aluminum Rod Machining Process 

The floating joint is incorporated to account for the angle shift during the path of foot pedal 

depression. A ball joint is a mechanical fastener that is connected by a ball and a half hemisphere like a 

hip joint. A floating joint is a fastener that uses the rotating capabilities of a ball joint but restricts the 

range of motion of the joint to a specific number of degrees. A pivot joint is a mechanical fastener that 

rotates back and forth under a certain axis of rotation, most only have one degree of freedom. The 

floating joint was selected because the ball joint gave too much range of motion around the joint hinge 

and the pivot joint did not have enough range of motion in the necessary degrees of freedom and needed 

to be manually locked into place.  

10.6.5 Proposed FCU Quality Control Unit Machine Vision  

 

The display screen's functions (such as powering on and displaying the correct information) will be 

read by the pi camera (Figure 51). This camera will be able to connect to the Raspberry Pi allowing for 

the information from the camera to be read and analyzed. The camera will be mounted on the back of 

the quality control unit, which is close to where the display screens are located on both models of the 

FCU. 

 
Figure 51 Pi Camera and Mount Subassembly Exploded View 
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The vision systemôs camera is backlit using a ring light that clamps around the lens of the camera 

[37]. This allows for even lighting that comes from directly behind the camera so the camera can see the 

LCD on the FCU clearly. 

10.6.6 Proposed FCU Quality Control Unit Enclosure 

The case for the Core XY movement system is four acrylic wall panels surrounding the outside 

of the frame. The panels were fastened to the 8020 frames with a screw-based assembly to fit into the 

grooves of the rails. The front door is held shut with a magnetic latch, which will allow the user to 

easily open and close the control unit. The back door of the lower electronics portion of the frame has 

a hinge with a magnetic latch for easy access to change input setting on the display screen or any other 

electronic components that pertain to the system.  

 

 
Figure 52 FCU Quality Control Unit Enclosure CAD Model 

The screen at an angle out front of the frame body itself allows the user to easily interface with 

the entire system while overseeing the processes being completed during operation. The display 

screen was selected to complement the Raspberry Pi 5, chosen as the controller for the FCU QCU 

for its versatile display ports, including two four-lane MIPI camera/display transceivers. These 

external ports allowed for easy integration of the Raspberry Pi display, eliminating the need for 

additional drivers to enable user input. 
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10.6.7 Proposed FCU Quality Control Unit Electrical Layout 

The hardware design of the QCU integrates systems that interact directly with the FCU and those 

designed for user interaction, ensuring a seamless and efficient testing process. The systems interfacing 

directly with the FCU include the motor controller, which manages the XY movement system and the 

linear actuator for precise positioning. A CAN bus breakout board enables output monitoring and 

programming of the FCU, particularly when paired with a bootloader. Additionally, a machine vision 

system captures and analyzes the display output from the FCU, providing crucial feedback during 

operation. 

For user interaction, the QCU incorporates an intuitive user interface where tests and parameters 

can be easily configured. Safety mechanisms are a critical aspect of the design and include FCU 

detection, which identifies the specific unit placed in the QCU; an emergency shutoff that cuts power in 

critical situations; door detection to monitor whether the door is open or closed; and a door lock to secure 

the system while tests are running. These features collectively ensure user safety and operational 

integrity. 

 

Figure 53 Top-level Hardware Architecture Design 

  The software system architecture features a user interface (UI), that manages the various test 

modes and their control options: duration, repetition, and speed. Operational modes like 

linearization, direct program, and diagnostic will also be available. Frequently used test 

configurations are stored in embedded memory within each mode.  

 

  The UI communicates user instructions to the main software module, which processes the 

user input. Additional submodules support the UI, including data visualization, report generation, and 

user feedback systems. 

 

  User input is utilized by the motor control protocol to actuate the motor(s) according to the 

specified parameters and perform the test. Simultaneously, the CAN bus communication protocol 

handles FCU output reading and programming. Supporting these processes are the submodules for 

calibration, logging, and error handling.  
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  The software also includes memory management and network/cloud submodules, enabling tasks 

such as firmware updates for the FCU. Safety checks are integrated into the software to ensure that 

the interlock is secure, and the lockouts are properly engaged.  

The GUI that displays on the previously mentioned display screen follows the software flowchart 

seen in Figure 54. The GUI has the operator select what version of the FCU is being tested. This is 

asked so the fixture can confirm that the operator has placed the FCU in the fixture and that it is the 

correct type of FCU. If the wrong FCU is placed in the fixture, the operator is prompted to swap out 

the FCU. The GUI also gives the operator the option to return to the previous menu at any time in 

case the wrong option was selected at any point. Once it is confirmed that the proper FCU is in the 

test fixture, the GUI prompts the operator to select what test they wish to run on the FCU. GUI then 

prompts the operator to close the door to the fixture and it does not continue with any testing until 

the door is closed and locked. The GUI displays the progress of the test and then displays the results 

of the test once it is completed. The GUI gives the option to keep running the same test on different 

FCUôs or to return to the beginning of the GUIôs flow chart. 

 

 
Figure 54  Software Architecture Flowchart 
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10.7 Design Changes 

 Throughout the development process, modifications were made to the proposed design to 

mitigate issues during the fabrication and building of the FCU Quality Control Unit. This section 

outlines the key design changes and reasoning behind them. 

10.7.1 Frame Changes  

 The initial design required an increase in overall height and modifications for the angled display 

screen. The frame height was raised with standoffs by three inches to accommodate the linear actuatorôs 

lead screw to prevent collisions with the Pi camera during testing. Additionally, the two 1515 aluminum 

extrusions for the base plate were swapped out for 1530 extrusions. This change allowed for easier 

installation of the acrylic panels into the extrusion rails and enabled the corner mounting brackets to be 

moved inwards. The angled display screen design was abandoned to cut down on the manufacturing 

time for the front panel. All modifications were made with no negative impacts on the functionality or 

integration of other subsystems. 

10.7.2 Base Plate  

 The base plate subassembly was redesigned to reduce the number of components and streamline 

the process of swapping base plates, improving both manufacturing time and cost as well as ease of use. 

Additionally, the base plateôs footprint was shifted back by 0.5 inches to allow the movement system to 

position the actuator over all necessary components. Three additional photoresistor holes were made, 

for a total of six, to enable more accurate detection between multi-function and dual-function FCUs. 

10.7.3 Core XY Brackets  

 The motor mount bracket was initially designed as a single solid aluminum block that would be 

hollowed out. After consulting with the machinist, the design was revised to consist of two separate 

components assembled. Additionally, the material was changed from solid stock to a rectangular 

aluminum extrusion that met the required dimensions and wall thickness, simplifying fabrication. 

 

Similarly, the front corner brackets were redesigned using aluminum extrusion for easier 

machining. A slight dimensional adjustment was made during this transition, and interference checks 

confirmed that the new geometry did not impact surrounding components or subsystems. 

 

Finally, the guide rail mounts were reduced in size to increase the clearance between the pulley 

and linear rail holder. This modification prevented belt contact with surrounding components, 

eliminating unnecessary resistance and reducing the potential for wear, thereby improving long-term 

reliability and minimizing maintenance needs. 

10.7.4 Linear Actuator  

The linear actuator initially purchased was non-captive, which needed to be converted into a 

captive actuator to allow it to retract fully before repositioning itself over the next relevant feature. The 

primary difference between captive and non-captive linear actuators is the constraints associated with 

the lead screw (see Section 8.6.2, Linear Actuators). Captive linear actuators prevent the lead screw 

from rotating with respect to the motor body, typically using an internal spline mechanism. This design 

approach was not feasible as it effectively doubles the overall length of the actuator, and the frame had 

already been constructed.  
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To convert the initially purchased actuator without modifying the existing frame, a custom 

captive mounting mechanism was designed. Fastening features were added to the linear actuator bracket 

to support a linear ball bearing which housed a high-precision steel guide shaft parallel to the lead screw. 

The end of the lead screw and steel shaft were fixed to a custom captive mount, constraining the 

rotational motion between the lead screw and motor body. This design allows for the actuator to function 

in a captive manner while preserving the original designôs vertical space constraints.  

10.7.5 Electrical Box  

 The electrical box was redesigned to integrate with the geometry of the overall control unit. It 

houses all electrical hardware and software components, including PCBAs, display circuit boards, and 

development-grade electronics. Concealing sensitive electronics and wiring became a top priority to 

enhance robustness and ensure readiness for production environments. A series of custom-cut black 

acrylic panels were installed around the base of the existing frame, enclosing and protecting the internal 

components. A critical feature of the electrical box is its ability to support IR-sensitive photoresistors. 

These are placed in custom custom-designed 3D printed mount so that light reaches them only through 

designated holes in the base plate above.  

 

A major design change involved the orientation of the front panel for the touchscreen display. 

Initially, it protruded from the front face of the main unit at a 45-degree angle so that the display screen 

is at an optimal viewing angle for the user. In the final design, the GUI panel was reoriented to a vertical 

position, aligning it flush with the front of the unit. This adjustment streamlined the overall 

manufacturing process while maintaining usability. 

10.7.6 QCU Enclosure Panels  

A major design improvement for the Quality Control Unit (QCU) was the integration of enclosure 

panels directly within the 8020 frame slots, rather than mounting them externally using an array of 

fasteners. This change significantly improved the manufacturing efficiency and simplified the 

construction process. Additionally, the plastic panels initially served a dual purpose: they formed part 

of the enclosure and acted as physical reference guides during assembly. Fitting the panels directly into 

the 8020 slots helped ensure correct alignment and dimensions of the frame, reducing dependency on 

external measuring tools or frame parts as reference geometry. 

 

Enclosing the QCU was a critical requirement for integration into a manufacturing line. Open 

systems with exposed moving parts pose safety and usability concerns in automated environments. This 

redesigned enclosure promotes safety, streamlines installation, and supports the overall goal of making 

the QCU production line ready. 

10.7.7 Motor Controller 

 The initial motor controller was prototyped on a breadboard to enable rapid iteration and 

simplified debugging of motor control configurations. After successful validation, the design was 

transitioned to a custom printed circuit board assembly (PCBA) capable of independently controlling 

three motors. 

 

The updated PCBA includes a 20-pin header for motor control, dedicated pin headers for power 

inputs, and 4-pin headers for motors, the linear actuator, and current sensing outputs. It also features 

integrated mounting points for streamlined installation. 

Commented [el14]: @Keller, Dylan  

mailto:n01422506@unf.edu


 

61 

 

 

Key enhancements include the implementation of inline current sensing for overcurrent 

protection, segmentation of the power layer into three voltage domains (3.3V for logic, 12V for XY 

motor control, and 24V for the linear actuator), and the replacement of 100kÝ potentiometers with 

50kÝ precision potentiometers to improve current regulation accuracy. 

10.7.8 FCU Detection 

The previous FCU detection system relied on a multiplexer to cycle through digital 

measurements taken from a voltage divider consisting of a photoresistor and a fixed resistor. This 

approach presented two critical flaws: first, the Raspberry Pi 5 lacks ADC pins, so the resistors were 

selected to trigger a digital high reading, which could be inconsistent under varying lighting conditions; 

second, the multiplexer method proved insufficiently scalable given the limited number of available 

GPIO pins for monitoring multiple sensors. To address these issues, the system has been upgraded by 

replacing the SN74LS151N 8-to-1 digital multiplexer with a HiLetgo ADS1115 16-bit, 4-channel ADC 

module featuring a programmable gain amplifier (PGA) and I²C breakout board. The ADS1115 is 

configurable to use one of four I²C addresses, allowing up to four devices to operate on a single bus. In 

the QCU configuration, three ADCs are deployed: two ADS1115s monitor an array of six photoresistor-

resistor voltage dividers, while the remaining two analog inputs of the second ADS1115 detect the zero 

position of the XY movement system. A third ADS1115, set to a higher gain, measures the three current 

readings from the motor controller to safeguard against current overdrive. 

10.7.9 CAN Communication 

 Initially, the CAN communication subsystem was implemented using a custom PCBA that 

incorporated the TCAN4550 CAN controller/transceiver. However, challenges with configuring the 

device tree overlay on the Raspberry Pi 5 operating system necessitated a change. The solution was 

found in an off-the-shelf RS485 CAN HAT from Waveshare, which utilizes the MCP2515 CAN chip 

alongside the SN65HVD230 CAN transceiver. This alternative provided seamless integration and, once 

the appropriate software configurations were applied, functioned reliably out of the box. 

10.7.10 QCU Memory 

 The original memory subsystem was eliminated as the project shifted towards a dedicated end-

of-line testing approach, which only requires a simple pass/fail output. Considering future expansion 

options for text-based logging, the reliance on an external memory module was replaced by using a 

sufficiently large SSD (128 GB or larger) on the Raspberry Pi, ensuring ample storage capacity if the 

feature is reintroduced at a later stage. 

10.7.11 QCU Software  

The development of the QCUôs software followed a fully iterative process. The electrical 

subsystem was designed by writing its firmware in Rust on ESP32 modules, using the terminal to 

monitor outputs in real time. Once every subsystem was verified in isolation, the focus shifted to full-

system integration. 

 

To combine Pythonôs ease of use with Rustôs performance and safety, the PyO3 library was 

utilized. This approach enabled the implementation of core logic and performance-critical routines in 

Rust, which were then exposed as native Python modules. As a result, the GUI and high-level 

application logic remain in Python, while computationally intensive operations are executed in Rust 
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without additional overhead. Following integration, all subsystems were retested to resolve 

multithreading issues and ensure proper state transfer between the Python frontend and Rust backend. 

To enhance the user interface, the base Tkinter GUI was modernized using the ttkbootstrap library, 

providing a more cohesive and polished appearance. 

 

The vision system adopted a similar modular design approach. Individual functions were 

developed and validated independently before being consolidated into a single, flexible module. Due to 

compatibility limitations with the image acquisition library in the shared virtual environment, the vision 

code was compiled into a standalone executable to maintain seamless integration with the rest of the 

software stack. 

 

Together, these decisions modular development, PyO3-enabled Python/Rust integration, a 

polished GUI, and a self-contained vision executable not only boosted performance and reliability but 

also led to a user experience thatôs both cohesive and easy to demonstrate. 

10.8 Final Design  

 The final design of the Quality Control Unit incorporates all design solutions that were developed 

during the manufacturing and assembly. This section outlines each complete subsystem and explains 

how they work together to form a fully functional end-of-line test fixture, ready for deployment in 

manufacturing environments. 

10.8.1 Final QCU Design 

The FCU Quality Control Unit (QCU) is designed to be integrated at the end of the production 

line, enabling efficient and reliable testing of the Foot Control Units (FCUs) before product distribution. 

It is intended to be incorporated into Medtronicôs manufacturing process by following the design and 

assembly instructions provided.  It accommodates both dual-function and multi-function FCU variants, 

ensuring broad device compatibility. Automated actuation allows the system to precisely depress the 

pedal and all auxiliary dome switches. During operation, the QCU monitors CAN bus signals from the 

pedal and switches to verify electrical functionality. Additionally, an integrated machine vision system 

validates the performance of the FCUôs LCD screen. To further ensure operator safety, the entire unit is 

fully enclosed, preventing accidental contact with moving components.  
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Figure 55 FCU Quality Control Unit CAD Model 
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10.8.2 QCU Frame  

 

 

Figure 56 CAD model of QCU Frame 

The main function of the QCU frame is to serve as the structural foundation and mounting 

interface for key subsystems. Acting as a mounting place for the movement system brackets, base plate, 

machine vision camera mount, front and rear doors, and acrylic panels that enclose the unit via 80/20 

rails. A total of 25 concealed corner brackets with set screws ensure that the frame remains square and 

rigid, preventing loosening due to operational vibrations.  

 

An enumerated parts list for the frame can be found below. Refer to the engineering drawing in 

Figure 57 for additional assembly details. 

 

 The following parts were ordered: 

ü 1515 extrusions at 1.5ô long x 7 

ü 1530 extrusions at 1.5ô long x 8 

ü Concealed corner brackets with set screws x 25 

The following parts were found in the Medtronic machine shop: 

ü Rubber feet & ¼-20 screws x 4 

The following parts were given to the team by the sponsor: 

ü 3D printed end caps for the 80/20s x 4 
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Figure 57 Engineering Drawing of QCU Frame 

 Table 13, shown below, presents the overall production schedule for the QCU frame. It includes 

the machining or cutting time for each part, along with the corresponding start and end dates. 

Table 13. QCU Frame Production Schedule 

Minor 

Component 
Task Type 

Estimated 

Time 
Start Date Actual Time 

Actual 

Completion 

Date 

 1530 Aluminum 

Extrusions  

(base plate) 

Cutting 5 minutes 12/20/2024 5 minutes 12/20/2024 

 Machining 30 minutes 12/20/2024 20 minutes 12/20/2024 

1530 Aluminum 

Extrusions 

(front/back) 

Cutting 5 minutes 1/13/2025 5 minutes 1/13/2025 

 Machining 30 minutes 1/13/2025 20 minutes 1/13/2025 

1515 Aluminum 

Extrusions  
Cutting 2 hours 12/17/2024 1 hour 12/17/2024 

Frame Assembly Assembly 4 hours 1/6/2025 3 hours 1/6/2025 
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Figure 58 Base Plate CAD Model 

 The base plate serves to secure both dual-function and multi-function FCU models while 

incorporating a version detection method to identify which is currently inside the QCU. This 

identification is achieved using six photoresistors embedded in holes within the base plate (refer to 

Figure 58). The photoresistors detect which FCU is present by measuring light exposure. The covered 

sensors exhibit low resistance, while exposed sensors show high resistance. Since the two FCU 

versions differ in size (multi-function shown in red and dual-function in blue), their placement 

naturally covers different combinations of sensors, allowing the system to distinguish between them. 

The base plate is further designed to slide into the QCU frame from the rear using a tongue-and-groove 

mechanism, including two 3D-printed rails attached to the 1530 extrusions. This setup enables easy 

insertion and removal of the base plate. 

 

The following stock material was purchased for the base plate: 

ü 3D printer filament (white) 

ü Photoresistors x 6 

ü ¼ 20 Screws 

ü ¼ 20 self-aligning t-slot nuts 

The following materials were donated from Medtronic: 

ü Moisture-resistant HDPE sheet 24ò x 24ò x İò 
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Figure 59 Baseplate CAD Drawing 

Table 14, shown below, presents the overall production schedule for the QCU baseplate. It 

includes the machining time, along with the corresponding start and end dates. 

 

Table 14 Base Plate Manufacturing Process Schedule 

Minor Component 
Task 

Type 

Estimated 

Time 

Start 

Date 

Actual 

Time 

Actual 

Completion Date 

Base Plate Footprint 

Design 

3D 

Printing 
5 hours 2/3/25 5 hours 2/3/25 

 Machining 3 hours 3/10/25 6 hours 3/12/25 

Base Plate Brackets Machining 
20 

minutes 
3/12/25 

45 

minutes 
3/12/25 

Base Plate 

Subassembly 
Assembly 

10 

minutes 
3/14/25 

25 

minutes 
3/14/25 
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10.8.3 QCU Core XY Movement System  

 

 

Figure 60 Movement System CAD Model 

 The QCUôs movement system utilizes a Core XY configuration, powered by two NEMA 17 

motors mounted in the rear corners. These motors work in tandem to move the center gantry within the 

XY-plane, allowing precise positioning over all buttons and the foot pedal. The gantry moves in the X-

direction along linear rails supported by two mounts, which themselves travel along Y-direction linear 

rails. These Y-Gantry mounts also ensure that the drive belts remain parallel to the linear rails and are 

anchored at two opposing points. At the front of the system, two corner brackets support pulley stacks 

that maintain belt tension. Tension is adjusted by positioning the brackets forward and fine-tuning via 

slotted screw mounts. Together, these components enable smooth and accurate motion throughout the 

testing process. 

 

 The following stock materials and parts were ordered for the movement system: 

ü HTD Timing Belt (6mm) x 2 

ü Aluminum set screw pulley x 2 

ü Aluminum toothed pulley x 6 

ü Aluminum smooth pulley x 2 

ü Aluminum unthreaded spacers 

ü NEMA 17 stepper motor x 2 

ü Linear guide rails x 3 

ü Linear guide rail mounts for T-slot frame x 2 

ü Ball bearing carriage for linear rails x 3 

ü 6063 Aluminum rectangular tube ıò wall 

thickness 

ü 6061 Aluminum rectangular tube 3/16ò wall 

thickness 

ü 6061 Aluminum sheet 1/8ò thick 

ü Copper buckle belt clamp x 4 

ü Assortment of screws and washers (see bill of 

materials) 
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Figure 61 XY Movement System CAD Drawing 

 Table 15, shown below, outlines the manufacturing timeline for the movement system. It details the 

machining and assembly of the mounts, installation of the linear rails, and sizing of the timing belts. 

Table 15 Movement System Production Schedule 

Minor Component Task Type 
Estimated 

Time 
Start Date 

Actual 

Time 

Actual 

Completion Date 

Guide rail (X Gantry) Cutting 1 hours 1/24/2025 1 hour 1/24/2025 
 Milling  1hour 1/30/2025 1.5 hours 1/30/2025 

Y Gantry Bracket Machining 1 hour 2/3/2025 3 hours 2/3/2025 

Gantry Rail Mount Machining 45 minutes 2/5/2025 1.5 hours 2/5/2025 

Y Gantry Subassembly Assembly 10 minutes 2/5/2025 1 hour 2/5/2025 

XY Carriage Bracket Machining 1 hour 2/10/2025 3 hours 2/10/2025 

XY Carriage 

Subassembly 
Assembly 10 minutes 2/12/2025 

55 

minutes 
2/12/2025 

Idler Pulley Bracket Machining 1 hour 2/12/2025 2.5 hours 2/12/2025 

Idler Pulley Bracket 

Subassembly 
Assembly 10 minutes 2/12/2025 

30 

minutes 
2/12/2025 

Stepper Motor Mount 

(Upper Plane) 
Machining 2 hours 3/17/2025 4 hours 3/17/2025 

Stepper Motor Mount 

(Lower Plane) 
Machining 2 hours 3/18/2025 4 hours 3/18/2025 

Stepper Motor Mount 

Top Plate 
Machining 45 minutes 3/18/2025 1.5 hours 3/18/2025 
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10.8.4 QCU Linear Actuator  

The linear actuator in the FCU Quality Control Unit is responsible for depressing the pedal and 

all dome switches during the end-of-line test, shown in Figure 62 below. The non-captive lead screw 

style linear actuator, featuring a NEMA 17 motor body, is mounted to the custom actuator bracket. This 

bracket secures the motor body and linear ball bearing while allowing the entire subassembly to fasten 

to the center gantry of the XY movement system. The linear ball bearing rides along the high-precision 

steel guide shaft, which is fixed to the captive mount with a 6-32 steel socket head screw. The end of 

lead screw. This design allows for smooth vertical motion of the actuator end motion while preventing 

the lead screw from rotating with respect to the motor body. Figure 62 displays the linear acutator 

subassembly CAD drawing, full size CAD drawings are shown in the Appendix. 

 

 

Figure 62 Final Linear Actuator Subassembly CAD Model 
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 The following raw materials and parts were ordered to convert the non-captive linear actuator to 

a captive actuator: 

ü NEMA 17, which has a 4.6ò travel length, with 0.00125ò travel distance per step 

ü Rod alignment coupler 

ü Linear ball bearing 

ü Rotary shaft (1566 Carbon steel, 10mm diameter) 

ü Brass screw inserts 8-32 thread size, ıò installed length 

ü PLA filament (orange) 

ü 6061 Aluminum 90 degree angle, 1/8ò wall thickness, 2ò x 2ò 

ü 6061 Aluminum 1-1/2ò x 1-1/2ò 

 Table 16, shown below, outlines the manufacturing process and schedule for the linear actuator 

subassembly. It details the machining and assembly of the mounts, actuator, and timing belt sizing. 

Table 16 Gantry Manufacturing Process Schedule 

Minor Component Task Type 
Estimated 

Time 
Start Date 

Actual 

Time 

Actual 

Completion 

Date 

Linear Actuator Bracket Machining 1 hour 2/24/2025 1.5 hours 2/24/2025 

Captive Actuator Bracket Machining 45 minutes 3/17/2025 2 hours 3/17/2025 

Button Interface 3D Printing 30 minutes 2/6/2025 
22 

minutes 
2/6/2025 

Linear Actuator Subassembly Assembly 10 minutes 3/19/2025 
45 

minutes 
3/19/2025 
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10.8.5 QCU Vision System  

The machine vision system plays a critical role in verifying the functionality of the FCUôs LCD 

screen by confirming the appearance of specific icons during testing. When the code is called, the icon 

that is being searched for with the camera is passed as an argument. First, the system creates a handle 

for the camera and acquires an image. Then, a feature detection algorithm is applied to locate the icon 

within the captured image. Each icon has a reference image, the algorithm searches the whole captured 

image and grades the accuracy in every single location of the image. The algorithm assigns a score 

between 0 and 1, where 0 indicates no similarity and 1 indicates an exact match, and it returns the 

highest score found. If the score exceeds a threshold of 0.950, the icon is considered a pass, and the 

code returns ñTrue.ò If the score falls below the threshold, the test is failed, and the code returns ñFalse.ò 

The CAD drawing for the vision system is provided in Figure 63. 

 

 

Figure 63 Machine Vision CAD Model 

The following parts were ordered for the machine vision system: 

ü Custom camera mount 

ü Raspberry Pi DSI Cable ï SC1131 

ü Raspberry Pi CSI/DSI Cable Extender ï 3671 

ü Raspberry Pi Camera Cable 2m Long ï 2144 

ü Raspberry Pi High Quality Camera With C/CS Mount ï SC0818 

ü Raspberry Pi 16mm C Mount Camera Lens ï SC0123 
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Figure 64 Machine Vision System CAD Drawing 

Table 17, shown below, outlines the manufacturing and assembly schedule for the machine vision 

system. 

Table 17 Vision system production schedule 

Minor Component Task Type 
Estimated 

Time 
Start Date 

Actual 

Time 

Actual 

Completion 

Date 

Algorithm Development Programming 30 Hours 11/01/2024 20 Hours 12/15/2024 

Custom Camera Mount 3D Printing 
25 

Minutes 
02/01/2025 

25 

Minutes 
02/28/2025 

Mounting Assembly Assembly 5 Minutes 03/24/2025 
20 

Minutes 
04/04/2025 

Algorithm Training Programming 8 Hours 03/30/2025 7 Hours 03/30/2025 

Software Integration Programming 3 Hours 03/31/2025 10 Hours 04/07/2025 
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10.8.6 QCU Enclosure 

 

 

Figure 65 FCU QCU Enclosure CAD Model 

The enclosure consists of a series of hinges, magnets, doors, lids, and panels that fully enclose 

the system. The design allows for easy access to the unit while ensuring it remains securely closed 

during operation. The front door, shown in Figure 65, serves as the main point of access for the FCUs. 

It is equipped with a handle and integrates two limit switches to safely shut down the system if the front 

door is opened while the QCU is in operation. The front door is attached to the 80/20 frame with two 

hinges along the side, allowing it to swing open and close. These hinges are secured to the frame using 

two ¼-20 self-aligning T-nuts. The back door features a magnetic latch assembly allowing for ease of 

access to the PCBAs, photoresistor diodes, motor controllers, and other electrical components essential 

for the autonomous operation of the QCU. It is mounted with the same hinge system as the front door, 

enabling it to swing open from the top.  
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As discussed in (Section 10.7.7, QCU Enclosure Panels), the updated enclosure design 

significantly improved manufacturing and assembly efficiency. The previous design introduced 

unnecessary complexity due to the use of independent subassemblies, which made construction more 

difficult and time-consuming. 

 

The following stock parts were ordered for the QCU enclosure:  

ü Over 1000 square inches of Clear Cast Acrylic Sheet, 12" x 12" x 1/4" 

ü 573 square inches of Black Easy-to-Form PVC/Acrylic 12" x 12" x 1/8" 

ü 8 ıò ï 20 size self-aligning T-Nuts 

The parts listed below were found in Medtronicôs Machine shop: 

ü 4 Metal-Detectable Hinge with Holes 1-9/16" High x 9/16" Wide Door Leaf 

ü 4 Static-Control Unthreaded-Hole Pull Handle  

The following materials were donated from Medtronic: 

ü 200 inches of 8020 framing gaskets  

ü 1 5/6ò ï 18 screw and locknut 

ü 26 assorted ıò ï 20 screws 

ü 4 M3 & M4 screws 

ü 9 various 6-32 screws   
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Figure 66 FCU QCU Enclosure CAD Drawing 

 

Table 18, shown below, outlines the manufacturing and assembly schedule for the enclosure. 

Table 18 QCU Enclosure Production Schedule 

Minor 

Component 
Task Type 

Estimated 

Time 
Start Date Actual Time 

Actual 

Completion 

Date 

Clear acrylic Cutting  1.5 hours  3/5/2025  2 hours  3/5/2025  

Back plastic Cutting  2 hours  3/4/2025  3 hours  3/4/2025  

long 1530 8020 Cutting  1 hour  3/13/2025  1.5 hours  3/13/2025  

18" single 1515 

8020 
Cutting 0.5 hours 03/20/2025 0.5 hours 03/20/2025 
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10.8.7 QCU Electrical Schematics  

The final electrical hardware design consists of eight subsystems, shown in Figure 67: ACïDC 

power, Safety, Motor Control, ADC, the User Interface, CAN Communication, Machine Vision, and 

the Controller. The controller is the Raspberry Pi 5, which communicates with peripheral devices by 

sending commands and receiving data. In addition, the Raspberry Pi 5 functions as a DC power supply, 

delivering 5 V to the User Interface subsystem and 3.3 V to the Safety, Motor Control, ADC, Machine 

Vision, and CAN Communication subsystems. 

 

 

Figure 67 Final Top-Level Electrical Schematic 

The ACïDC system features an E-stop connected in series with the live wire of the AC plug, so 

that triggering the E-stop immediately cuts AC power and shuts the system off, shown in Figure 68. It 

also employs three ACïDC DIN rail power supplies: a 5 V/25 W unit for the Raspberry Pi, a 12 V/78 W 

supply for the XY stepper motor control board and FCU interface cable, and a 24 V/60 W supply for 

the linear actuatorôs motor driver. 
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Figure 68 AC-DC Subsystem Schematic 

 

The Safety subsystem includes door limit switches that detect whether the door is fully closed, 

XY limit switches that determine the zero position of the movement system for consistent startup 

positioning, and a photoresistor array to verify that the correct FCU version has been placed and is 

properly aligned, shown in Figure 69. 

 

 

Figure 69 Safety Subsystem Schematic 
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The Motor Control subsystem, shown in Figures 70-71 interfaces with the Raspberry Pi 5 to 

control the X and Y stepper motors as well as the linear actuator. The Raspberry Pi sets the nSleep and 

direction pins on the motor controller to digital high or low levels and sends pulses to the step pin to 

regulate motor speed. It also interfaces with the M0 and M1 pins for the linear actuator, enabling 

microstepping for increased accuracy when depressing the FCUôs pedal. 

 

 

Figure 70 Motor Controller Subsystem Schematic 

 

Figure 71 Motor Controller Schematic 
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The ADC subsystem, shown in Figure 72 utilizes three ADS1115 16-bit, 4-channel ADC 

modules, each featuring a programmable gain amplifier (PGA) and I²C breakout board. This subsystem 

takes measurements from the photoresistor array, obtains current readings from the motor controller, 

and monitors the door and zero-position limit switches. By employing ADCs with I²C and configurable 

gain, only two pins are needed to acquire 11 different sensor measurements, while the gain of the current 

readings is increased to compensate for their relatively low amplitude. I²C channel three of the 

Raspberry Pi is dedicated to this subsystem. 

 

 

Figure 72 ADC Subsystem Schematic 

The User Interface, shown in Figure 73, is provided by the Raspberry Pi 7ò touch screen, which 

connects to the Raspberry Pi 5 over I²C channel zero to handle touch inputs and uses a DSI cable to 

manage the display. The touch screen draws power from one of the 5 V pins of the Raspberry Pi 5. 
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Figure 73 User Interface Subsystem Schematic 

 

The Machine Vision subsystem, shown in Figure 74, utilizes the Raspberry Pi HQ Camera, which 

communicates with the Raspberry Pi 5 through a CSI cable that supplies 3.3 V. 

 

 

Figure 74 Machine Vision Subsystem Schematic 

The CAN Communication subsystem, shown in Figure 75 uses the RS485 CAN HAT from 

Waveshare, which is connected directly to Raspberry Pi 5. This subsystem employs SPI channel 0 to 

convert SPI communication into CAN communication with the FCU. To connect the CAN bus of the 

QCU to the FCU, a proprietary Medtronic cable is used, which carries 12 V, ground, and the CAN high 

and low signals.  

 

Figure 75 CAN Communication Subsystem Schematic 
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The stock parts ordered for the QCU electrical system were as follows:  

ü Raspberry Pi 7-inch touch screen display 

ü DSI Cable 

ü AC-DC 5 V 25 W power supply 

ü AC-DC 12 V 78 W power supply 

ü AC-DC 24 V 60 W power supply 

ü Motor control PCBA  

ü Raspberry Pi SC0818 - HQ Camera C/CS Mount 

ü Raspberry Pi SC0123 - 16 mm Lens 

ü Raspberry Pi Camera Cable 2M 

ü DSI cable extender for Raspberry Pi 

ü Precision Isolated Current Sensor  

ü 100 KÝ Trimmer Resistor 0.25W J LEAD TOP 

ü Vertical 20 Position 2.54mm Pitch Connection Header 

ü 20 Position Connection Receptacle 

ü 4 Position 2 mm Pitch Vertical Connection Header 

ü 4 Position 0.079 Pitch Gold Plated Connection Receptacle  

ü 2 Position 2.54 mm Vertical Connection Header 

ü 2 Position 2.54 mm Pitch Connection Receptacle  

ü Red SMD LED 

ü AC Power Entry Connection Receptacle 

ü RS485 Raspberry Pi CAN Hat 

ü ADS1115 4 Channel I2C IIC Analog-to-Digital ADC PGA Converter  

The parts listed below were found in Medtronicôs EE lab: 

ü Assortment of wire from 18 ï 28-gauge wire 

ü Assortment of various SMD resistors 

ü Assortment of various SMD capacitors 

ü Proto boards 

ü Heat shrink  

ü Wire sheathing 

ü Solder 

ü Flux 

Table 19, shown below, outlines the manufacturing and assembly schedule for the electrical hardware. 
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Table 19 Electrical Hardware Production Schedule 

Minor 

Component 
Task Type 

Estimated 

Time 
Start Date Actual Time 

Actual 

Completion 

Date 

PCBAs Soldering  1.5 hours  1/7/2025 2 hours  1/8/2025 

Stepper motor 

cable 

Soldering 

and 

Assembly 

10 minutes  1/14/2025 15 minutes 1/14/2025 

Raspberry Pi 

Cable 

Soldering 

and 

Assembly  

3 hours 3/15/2025 4 hours 3/16/2025 

Sleeved cables Assembly 30 minutes 3/16/2025 30 minutes 3/16/2025 

Protoboard ADC 

module 

Soldering 

and 

Assembly 

1.5 hours 3/22/2025 4.5 hours 3/22/2025 

CAN bus cable 

Soldering 

and 

Assembly 

15 minutes 3/23/2025 30 minutes 3/23/2025 

Photoresistors 

Soldering 

and 

Assembly 

15 minutes 3/24/2025 20 minutes 3/24/2025 

Wire-to-board 

connections 
Assembly 1 hour 3/24/2025 1 hours 3/24/2025 

 

10.8.8 QCU Final Software Design 

To ensure every component of the QCU operated correctly, a dedicated test UI was developed, 

separate from the manufacturer facing interface, to validate and optimize each subsystem in isolation. 

This ñproof of functionò interface let it invoke individual Rust backed routines, monitor CAN bus 

messages, and confirm motor outputs without the distraction of full system workflows. Since the 

production GUI underwent minimal change, the final design discussion will focus on this specialized 

test UI only.  

 

In the QCUôs software architecture, all performance critical services live in Rust and are exposed 

to Python as native extension modules via PyO3, forming a clean boundary between high level control 

logic and low level hardware communication and data acquisition. Rust functions exposed through 

PyO3 hold Pythonôs Global Interpreter Lock (GIL) by default, which would block other Python threads, 

PyO3ôs built in parallelism support was used to temporaril y release the GIL around the compute bound 

routines. Once the GIL is surrendered, multiple worker threads are spawned: one for orchestrating 

user selected tests, one for updating CAN bus traffic, another for driving motor outputs, and a dedicated 

ñdoor monitorò thread that watches whether the enclosure is open or closed. 
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Managing the door monitor thread introduced two challenges. A mechanism was first required 

to interrupt otherwise synchronous Rust code upon door opening, shown in Figure 76; second, in one 

special case, when running the end of line test, the door must be opened (so the operator can unplug the 

FCU, which starts its Bluetooth advertising since CAN communication was lost) without pausing the 

test logic. Both challenges were addressed using global atomic Booleans: the frontend toggles a ñdoor 

openò flag, which the Rust backend checks periodicallyðif it sees the door is open, it pauses any 

ongoing tests until the door closes again. For the end-of-line test scenario, a separate ñunplug requestedò 

atomic flag is set right before the Bluetooth test begins; the door monitor thread sees this and allows the 

unplug action (and associated Bluetooth sequence) to proceed uninterrupted before resuming normal 

safety pause behavior. 

 

Figure 76 Final Software Architecture 
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10.8.9 Failure Modes and Effects Analysis 

 In dynamic electro-mechanical systems, failures are inevitable and often anticipated. A 

systematic failure modes and effects (FMEA) process helps identify, plan for, and mitigate potential 

causes of failure. Understanding the root cause of a failure provides insight into system behavior, 

enabling optimization to prevent future issues.  

 

 For the center linear guide rail, which facilitates the movement of the XY gantry along the X-

axis, the primary failure mode is permanent deflection or displacement in the Z-axis. This failure is 

likely caused by long-term fatigue stress and cyclic loading over the railôs operational life, leading to 

micro-deflections. The stainless-steel material of the rail may transition from its elastic region, where it 

can return to its original shape, into its plastic region, where deformation becomes permanent. This 

failure would result in inaccuracies in testing or operation due to shifts in the Z-axis zero position, 

affecting systems like pedal depression or actuation travel that depend on precise Z-axis movement. 

Further failure modes and their causes are detailed in Table 20. 

Table 20 XY Gantry Center Guide Rail FMEA 

ITEM / FUNCTION  

POTENTIAL FAILURE MODES & 

EFFECTS MITIGATIONS  

  Item Function Failure Mode 

Causes/Mechanisms 

of Failure Mitigations 

    

      [Describe what has been done 

or needs to be done to avoid 

this. FEA, Tol stack, testing, 

etc.] 

Core X-Y 

Movement 

System    

Precisely position the 

linear actuator over 

each button and the 

pedal  

      

Guide Rail 

and Pulley 

System   

Positions the linear 

actuator over the 

required components 

      

Guide Rail 

and Pulley 

System 

Center 

Guide Rail 

allows for movement 

of the linear actuator 

subassembly to all 

possible X coordinate 

locations 

Inadequate strength to 

support the force from 

linear actuator - 

bending  

Specified material 

has insufficient 

strength  

Demonstrate robustness 

of design through FEA. 

Confirm through testing.  

    

    

Bracket size an 

geometry does not 

provide enough 

strength 

Demonstrate robustness 

of design through FEA. 

Confirm through testing.  
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Permanent deflection 

or displacement of 

guide rail in Z 

coordinate direction 

cyclic loading 

Demonstrate robustness 

of design through FEA. 

Confirm through testing.  

    

    
Manufacturing 

imperfections  

Demonstrate robustness 

of design through FEA. 

Confirm through testing.  

 

 To fully assess the behavior of the center guide rail, a life cycle study was conducted to determine 

whether it would fail within the theoretically calculated life span (refer to Section 10.5.6, Life Cycle 

Calculations). The results indicate that, based on the defined life cycles of the QCU XY movement 

system, the center guide rail will maintain an infinite life while in operation within the FCU QCU. This 

suggests that any deflection or displacement of the rail will remain elastic, allowing it to return to its 

original stress state after each cyclic load. 

 

The primary failure mode for the linear actuator bracket, which secures the actuator assembly to 

the XY movement system, is insufficient strength to support the actuator over time. Stress 

concentrations at the critical 90-degree angle geometry of the bracket may lead to fatigue failure under 

continued loading. Over time, these high stress areas will cause the bracket to deform, increasing the 

angle beyond 90 degrees, effectively moving the linear actuator closer to the FCU in the Z-axis 

direction. This deformation would compromise testing and operational accuracy, as the Z-axis zero 

position, critical for actuation precision (see Section 10.2.1, FCU Quality Control Calibration), would 

shift, resulting in inaccuracies during testing. Additional failure modes, their causes, and mitigation 

strategies are detailed in Table 21. 

Table 21 Linear Actuator Bracket FMEA 

ITEM / FUNCTION  

POTENTIAL FAILURE MODES & 

EFFECTS 
MITIGATIONS  

  Item Function Failure Mode 

Causes/Mechanisms 

of Failure Mitigations 

    

      

[Describe what has been 

done or needs to be done 

to avoid this. FEA, Tol 

stack, testing, etc.] 

Core X-Y 

Movement 

System    

Precisely position the 

linear actuator over 

each button and the 

pedal  

      

Linear 

Actuator 

Subassembly   

Compress auxiliary 

buttons and pedal 
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Linear 

Actuator 

Subassembly 

Linear 

actuator 

bracket 

Supports linear 

actuator  

Inadequate strength to 

support the linear 

actuator  

Specified material has 

insufficient strength  

Demonstrate 

robustness of design 

through FEA. 

Confirm through 

testing.  

    

    

Bracket size an 

geometry does not 

provide enough 

strength 

Demonstrate 

robustness of design 

through FEA. 

Confirm through 

testing.  

    

Controls position and 

alignment of linear 

actuator  

Linear actuator is 

misaligned  

Incorrect 

dimensioning and 

tolerance assigned 

Demonstrate 

positional control 

through tolerance 

stack up analysis 

    

Controls position and 

alignment of linear 

ball bearing  

Linear ball bearing is 

misaligned  

Incorrect 

dimensioning and 

tolerance assigned 

Demonstrate 

positional control 

through tolerance 

stack up analysis 

 

The primary failure mode for the Base Plate, which structurally holds both models of the FCU, 

the crucial failure mode is the HDPE stock having inadequate strength to support the FCUs. During 

operation and the continued use of the base plate, the fatigue stress on the critical stress locations will 

cause it to plastically deform and negatively affect the proper use of the HDPE base plate. This will lead 

to inaccuracy in operation because it will negatively affect the testing accuracy of specific design tests 

that are dependent on the proper performance of the HDPE base plate. The other causes, mitigation, and 

failure modes are shown below in Table 22. 

 

To assess the behavior of the base plate, an FEA was conducted to determine whether it would 

fail under the applied load from the actuator (refer to Section 10.5.5, Finite Element Analysis). The 

results indicate that, based on the defined load, the base plate should not see any permanent deformation 

with a minimum safety factor over 15. 

Table 22 Base Plate FMEA 

ITEM / FUNCTION  

POTENTIAL FAILURE MODES & 

EFFECTS MITIGATIONS  

  Item Function Failure Mode 

Causes/Mechanisms 

of Failure Mitigations 

    

      

[Describe what has been 

done or needs to be done to 

avoid this. FEA, Tol stack, 

testing, etc.] 

FCU 

Base 

Plate    

Secure both the multi 

and dual function 

FCUs during testing  
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FCU Base 

Plate  

Base 

Plate  

Securing the FCUs 

and supporting the 

FCU while testing 

Inadequate strength to 

support the FCUs 

Specified material has 

insufficient strength  

Demonstrate 

robustness of design 

through FEA. Confirm 

through testing.  

    

    

Baseplate geometry 

and size has 

insufficient strength  

Demonstrate 

robustness of design 

through FEA. Confirm 

through testing.  

    

Aligns the FCU with 

the photoresistors for 

physical version 

detection.  

The photoresistors do 

not properly align 

Incorrect 

dimensioning and 

tolerance assigned 

Demonstrate adequate 

fitment through 

tolerance stack up 

analysis 

 

A main failure mode for the QCU limit switches, which interface with various mechanical 

systems throughout the fixture to safeguard from any hazardous operation, is a failure to trigger from an 

electrical malfunction, shown in Table 23. This could be caused by a short circuit in the electrical wiring 

of the limit  switch or by it being wired improperly. This can occur from short circuits or improper wiring. 

Such a failure would disrupt the stopping mechanism and interfere with establishing a reference zero 

position for the movement system. If the system exceeds its defined zero position, it could pose a safety 

risk to operators or cause damage to other subsystems. 

Table 23 Limit Switch FMEA 

ITEM / FUNCTION  

POTENTIAL FAILURE MODES & 

EFFECTS MITIGATIONS  

  Item Function Failure Mode 

Causes/Mechanisms 

of Failure Mitigations 

    

      

[Describe what has been 

done or needs to be done to 

avoid this. FEA, Tol stack, 

testing, etc.] 

Enclosure   

Ensure user safety by 

enclosing all moving 

parts 

      

Front 

Door   

Limit 

Switches  

Verify that the front 

door is securely closed 

for safe operation and 

confirm that the XY 

movement system is 

properly zeroed before 

and after testing. 

Fails to trigger due to 

electrical fault 
Short circuit 

Ensure COM and NO 

pin are both supplied 

3.3V 

    

    Wired improperly 

Turn QCU on and use 

voltmeter to check 

nominal voltages at all 

three pins and compare 

with expected 
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  Break  
Front door closed 

with too much force  
  

11. Testing  
Functional testing for the QCU was designed to ensure that all critical features of the system 

operated as intended with a 90% confidence and 90% reliability metric, achieved by having 100% of 

22 tests pass for a single requirement. The testing framework is divided into four categories: End-of-

Line Test, FCU Quality Control, Software, and Accuracy. Throughout testing, a dual-function FCU was 

used unless a particular test required the multi-function FCU. It is important to note that while the test 

system is capable of reporting failures when a bad FCU is used, only tests with passing FCUs results 

are presented here to demonstrate proper functionality. 

 

Each of the following sections includes a table, summarizing the results for a specific category. 

In each table, the columns represent individual tests within that category, while the rows correspond to 

the 22 separate trials conducted. A green cell marked with a ñ1ò indicates a successful test (pass), a red 

cell marked with a ñ0ò indicates a failed test, and an empty cell signifies that the test was not performed 

for that trial. 

11.1 End-of-Line Test 

 The End-of-Line Test encompassed a battery of tests, including FCU version verification, pedal 

functionality, dome switch functionality, connection mode verification, display verification, battery life 

reporting, and overall test duration, see Table 24. Version verification cross referenced the physical FCU 

version with the CAN bus report, passing only on an exact match. Pedal functionality was verified by 

monitoring CAN bus outputs throughout the full 10.41 mm range of motion, confirming that the output 

values alight with expectations, 0 at no depression and 255 at full depression. Dome switch tests verified 

that each button press produced the correct CAN bus signal, and connection mode tests validated both 

wired and wireless operation. Display verification ensured that LCD indicators for dynamic identifier, 

mode, and battery life matched the CAN bus data. Remarkably, every unit completed the entire sequence 

in an average of 2 minutes well under the 10 minute requirement, see Figure 77. 
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  Table 24 end of line testing data 

Testing # 
Test  

Version 
Verification  

Pedal 
Functionality   

Dome 
Switch 

Functionality   

FCU 
Connection 

Mode 
Functionality   

Display 
Functionality  

Test 
Duration  

Fcu 
Battery 

Life   
        

 

1   1 1 1 1 1 1 1  

2   1 1 1 1 1 1 1  

3   1 1 1 1 1 1 1  

4   1 1 1 1 1 1 1  

5   1 1 1 1 1 1 1  

6   1 1 1 1 1 1 1  

7   1 1 1 1 1 1 1  

8   1 1 1 1 1 1 1  

9   1 1 1 1 1 1 1  

10   1 1 1 1 1 1 1  

11   1 1 1 1 1 1 1  

12   1 1 1 1 1 1 1  

13   1 1 1 1 1 1 1  

14   1 1 1 1 1 1 1  

15   1 1 1 1 1 1 1  

16   1 1 1 1 1 1 1  

17   1 1 1 1 1 1 1  

18   1 1 1 1 1 1 1  

19   1 1 1 1 1 1 1  

20   1 1 1 1 1 1 1  

21   1 1 1 1 1 1 1  

22   1 1 1 1 1 1 1  

         
 

(%)  100% 100% 100% 100% 100% 100% 100%  
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Figure 77 Test duration comparison between FCUs 

11.2 FCU Quality Control 

The FCU Quality Control testing validated both the physical and operational performance of the 

FCU components through a sequence of targeted evaluations. First, actuation and incremental accuracy 

were confirmed by monitoring pedal depressions over the CAN bus: each alternate value from 0 to 255 

was observed, demonstrating the required 0.08 mm resolution across the full 10.41 mm travel, and 

auxiliary dome switch activations produced matching CAN bus signals to verify correct detection. Next, 

force measurements using a calibrated gauge established that the pedal withstood at least 50 N (å12 lbs) 

and each dome switch at least 23 N, while the fixture could apply an average force of 13ï13.5 lbs, 

comfortably exceeding the passing thresholds. 

 

Connection mode and version detection were evaluated by first checking for CAN bus activity; 

in its absence, the system successfully established a Bluetooth link by detecting FCU advertising. Over 

22 trials, the fixture reliably held and identified both dual function and multi function FCUs. The FCU 

Software Version Verification test then read the firmware version via CAN bus, passing only when the 

detected version matched the expected value. Display Verification followed, comparing the LCDôs 

dynamic identifier, connection mode, and mode status against the CAN bus data to ensure on screen 

accuracy. Finally, programming functionality remains untested, as it depends on a Medtronic software 

tool that currently contains unresolved bugs. For the results of this test, see Table 25.  
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Table 25 Results from FCU QCU Quality control tests 

Test Output 
Monitoring 

Force of 
Actuation 

Actuation 
Travel 

Actuation 
Accuracy 

FCU 
Connecti
on Mode 

Model 
Accomm
-odation 

Physical 
Detection 

FCU 
Software 
Version 

Verification 

FCU 
Dynamic 
Identifier 

FCU 
Mode 

FCU 
Battery 
Charge 

Cross 
Verification 

Test 
# 

             

1  1 1 1 1 1 1 1 1 1 1 1 1 
2  1 1 1 1 1 1 1 1 1 1 1 1 
3  1 1 1 1 1 1 1 1 1 1 1 1 
4  1 1 1 1 1 1 1 1 1 1 1 1 
5  1 1 1 1 1 1 1 1 1 1 1 1 
6  1 1 1 1 1 1 1 1 1 1 1 1 
7  1 1 1 1 1 1 1 1 1 1 1 1 
8  1 1 1 1 1 1 1 1 1 1 1 1 
9  1 1 1 1 1 1 1 1 1 1 1 1 

10  1 1 1 1 1 1 1 1 1 1 1 1 
11  1 1 1 1 1 1 1 1 1 1 1 1 
12  1 1 1 1 1 1 1 1 1 1 1 1 
13  1 1 1 1 1 1 1 1 1 1 1 1 
14  1 1 1 1 1 1 1 1 1 1 1 1 
15  1 1 1 1 1 1 1 1 1 1 1 1 
16  1 1 1 1 1 1 1 1 1 1 1 1 
17  1 1 1 1 1 1 1 1 1 1 1 1 
18  1 1 1 1 1 1 1 1 1 1 1 1 
19  1 1 1 1 1 1 1 1 1 1 1 1 
20  1 1 1 1 1 1 1 1 1 1 1 1 
21  1 1 1 1 1 1 1 1 1 1 1 1 
22  1 1 1 1 1 1 1 1 1 1 1 1 

 
             

(%) 
 100% 100% 100% 100% 100% 100% 100% 100% 100% 

100
% 

100% 100% 
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11.3 Software 

Software testing focused on the touchscreen user interface and mode selection logic. Every touch 

input on the 7 inch display was confirmed to register accurately, and mode selection reliably 

transitioned the system from the home screen into both the dual function and multi function 

End of Line test screens on every attempt, see Table 26. 

Table 26 Results from software testing 

Testing # 
Test 

Touch 
Screen 

Mode 
Setting 

   

1  1 1 
2  1 1 
3  1 1 
4  1 1 
5  1 1 
6  1 1 
7  1 1 
8  1 1 
9  1 1 
10  1 1 
11  1 1 
12  1 1 
13  1 1 
14  1 1 
15  1 1 
16  1 1 
17  1 1 
18  1 1 
19  1 1 
20  1 1 
21  1 1 
22  1 1 
    

(%)  100% 100% 
 

11.4 Safety 

 Safety tests confirmed that overdrive detection, open-door operation, and emergency shut off 

mechanisms function correctly. A current monitoring routine halted motor movement if the drive 

current exceeded predefined limits. Opening the fixtureôs front door during operation immediately 

ceased all motion. These conditions were also reflected on the GUI by displaying current monitoring 

data, avoiding the need for destructive testing. Finally, activating the emergency shut off reliably 

powered the system down.   
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All defined accuracy metrics across the QCU were successfully achieved, demonstrating 

complete functional performance in every tested area; only the programming capability remains 

unverified, see Table 27. 

Table 27 Results from safety tests 

Test Overdriving 
Detection  

Emergency 
Shut Off  

Open Fixture 
Operation  

Testing #     

1   1 1 1 
2   1 1 1 
3   1 1 1 
4   1 1 1 
5   1 1 1 
6   1 1 1 
7   1 1 1 
8   1 1 1 
9   1 1 1 

10   1 1 1 
11   1 1 1 
12   1 1 1 
13   1 1 1 
14   1 1 1 
15   1 1 1 
16   1 1 1 
17   1 1 1 
18   1 1 1 
19   1 1 1 
20   1 1 1 
21   1 1 1 
22   1 1 1 

     

(%)  100% 100% 100% 

12. Project Budget  
The FCU Quality Control Unit includes several subsystems, including an XY movement system 

designed to precisely position the linear actuator over the pedal and dome switches during operation. 

This system uses a two-pulley design, which moves the central cart along the guide rail using the belts 

attached to the front left and back right sides, with the opposite configuration for the second belt. This 

design allows for the stepper motors to either work in tandem or independently, providing fast and 

accurate movement within the plane. The design uses two stepper motors, high strength timing belts, 

and a pulley system that maintains proper tension and guides the belt path. This system also uses high-

precision rails and carriages to achieve two degrees of freedom. Additionally, custom designed and 

fabricated mounting brackets attach to the carriages and house the tensioning and guide pulleys. Table 

28 below details all the parts required for this movement system. 
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Table 28 X-Y Movement System Bill of Materials 

Movement System (Core XY) 
Company 

Name  

Part 

Number Description Category Price Quantity  Total References 

Digi-Key 102-4717-ND NEMA 17 Stepper Motor Motor $123.33 2 $246.66 [38] 

McMaster-

Carr 
3682N13  

High Strength HTD Timing 

Belt (6mm) 

Timing 

Belt 
$24.21 2 $48.42 [39] 

McMaster-

Carr 
3684N11 

Aluminum- Press-Fit Mount 

(for Timing Belt 6mm) 
Pulley $4.99 2 $9.98 [34] 

McMaster-

Carr 
3693N11 

Aluminum Toothed Pulley 

(6mm Timing Belt) 
Pulley $8.46 6 $50.76 [40] 

McMaster-

Carr 
3693N14 

Aluminum Smooth Pulley 

(6mm Timing Belt) 
Pulley $9.06 2 $18.12 [41] 

McMaster-

Carr 
1748N14 

Guide Rail Mounts for T-

Slotted Frame (1.5") 
Railing $54.85 2 $109.70 [42] 

McMaster-

Carr 
6709K153 

Guide Rail (Pricing is $0.52 

per mm) 
Railing $198.75 3 $596.25 [28] 

McMaster-

Carr 
6709K114 

Ball Bearing Carriage for 9 

mm Rail Width 
Bearing $64.00 3 $192.00 [43] 

McMaster-

Carr 
91545A440 

Lubricant-Filled Nylon 

Plastic Washer (5.5 mm ID, 

10 mm OD) 

Fasteners $2.80 16 $44.80 [44] 

McMaster-

Carr 
98269A440 

Black-Oxide 18-8 Stainless 

Steel Washer for M5 Screw 

Size, 5.3 mm ID, 10 mm 

OD 

Bearing  $0.05 24 $1.28 [45] 

McMaster-

Carr 
92510A746 

Aluminum Unthreaded 

Spacer, 1/2" OD, 5/8" Long, 

for Number 10 Screw Size 

Bearing  $1.61 8 $12.88 [46] 

McMaster-

Carr 
90576A104 

Medium-Strength Steel 

Nylon-Insert Locknut 
Fasteners $6.14 8 $49.12 [47] 

McMaster-

Carr 
91290A258 

Alloy Steel Socket Head 

Screw, Black-Oxide, M5 x 

0.8mm Thread, 40mm 

Long, Partially Threaded 

Fasteners  $0.32 8 $2.54 [48] 

McMaster-

Carr 
88935K111 

Architectural 6063 

Aluminum Rectangular 

Tube, 1/4" Wall Thickness, 

1-1/2" High x 3" Wide 

Raw 

Material  
$2.28 9 $20.50 [49] 

McMaster-

Carr 
6546K245 

Multipurpose 6061 

Aluminum Rectangular 

Tube  

Raw 

Material  
$3.11 3 $9.33 [50] 

McMaster-

Carr 
89015K231 

Multipurpose 6061 

Aluminum Sheet 

1/8" Thick, 2" x 24" 

Raw 

Material  
$0.47 4 

$1.88 

 [51] 

Amazon 
645598_1_ 

FjFjzhwSN 

Copper Buckle, 2GT Belt 

Clamp 
Fasteners $0.70 4 $2.80 [52] 

McMaster-

Carr 
92095A190 

Button Head Hex Drive 

Screw, Passivated 18-8 

Stainless Steel, M4 x 0.70 

mm Thread, 10mm Long 

Fasteners $0.09 10 $0.94 [53] 

McMaster-

Carr 
91290A198  

Alloy Steel Socket Head 

Screw, Black-Oxide, M5 x 

0.8 mm  

Fasteners $0.85 8 $6.82 [54] 

          Total  $1,424.78   
 






























































































































































































































































