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4. Executive Summary

Thenext generatiofroot Control Unit (FCYwas designetb interfacewith thelatestintegrated
power console (Empower Console@and control theoperdions of various surgical handpiece$he
production and distribution of the FGAhAsoutsourced, raising a need for an-@rfidine test fixturefor
quality assurance and quality contr@he existing testing and calibration procedurelied on the
Empower console prototypes to verify outputs, whigtesentedchallenges inan outsourced
manufacturing environménTo address this issue, a testing fixture was developed for deployment
manufacturing facilitieslts primary purposevas to perfornendof-line tesingt hat ensures the FCUOG6s
primary functionsare operating as intended before distribution.

Medtronic outlined specific requirements for the Quality Control Unit (QCthe endof-line
tester for the FCUThe QCUneededo detect the FCU modehctuate thgpedal and dome switches,
and monitor the out plualsocollactedADE readi@y flos thEGUSHEN u s .
sensor at 128 poi nt s, theh osedy algonitem tp lenebazk theata. tThea v e | pat h
FCU'ssoftwarewasupdatedbased on these results, and the Q@tifiedthe LCD screemas oriented
properly anddisplayedthe correct information. Aiserfriendly interfacewasa critical requirement to
ensure ease of usa the manufacturing lin@he 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 requiremeintgte precisionlinear
actuator,alinearactuatoraccompanied byotenoid, anda linearactuatorwith five solenoids. Thefirst
two proposed designssedan XY movement system for precise positionifigesingleactuatordesign
usedthe actuator to depress the pedal laibdll the dome switches whereas the desicgompanied by
a solenoidused the solenoid for pushing the buttohise configurationincluding one solenoidnsures
consigent pedal depression, as the actuator remains stationary during opefagolast design
alternative with five solenoids used thectuator to depress the pedal, with esalenoiddedicated to
pressing a specific buttpeliminating the need for XY movemefithe final design, selected through
the downselection processised an XY movement systémposition asingle precision linear actuator
over the pedal and dome switches.

The Quality Control Unit (QCU) is weBuited for highvolume 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 requiteamdrcompleting Endf-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 wee 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 eliminateete for photoresistors.
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8. Backgroum

8.1 CompanyBackground

Medtronic was established for the research, development, and sale of biomedical products.
Spanning across 150 countrieend employing 95,000 people working towards healthcare
solution$1]. These products aim to improve the quality of life for medical patients thionghative
biomedical technology. Earl Bakken and Palmer HermundsliadedMedtronic in 1949 to repair
medical electronic§2]. Since then, it has evolved into a company with the mission of creating new
products that alleviate pain, restore health, and extend the life of patients through research and
development for the last 75 ye§2$.

8.2 Integrated Powe€onsole(IPC™) Background

The Integrated Power Console (iIPg, shownbelowin Figure 1, is a surgical device used for
providing power and irrigation to handpieces and ddilleng ENT surgeriesSthe handpieces hold
various cutting drilling, and grding tools referred to as blades and buFeelPC™ is controlled
through a touchscreen interface that allows the surgeon to set the maximum rotations per minute (RPM),
irrigation ratesthe type of handpiece being used, and nmoésettings. Théandpieces areontrolled
through &oot pedal called the Foot Control Unit (FCU)

Figure1 MedtroniclPC™ Integrated Power ConsadleEC300[3]

8.3IPCE FootPedalBackground

The current foot pedal on the markelisplayed inFigure 2below,interfaces with théegacy
Integrated Power Conke, shown inFigure 1 This foot pedalhasthree buttonseachwith a specific
function. These buttons allosurgeons tewitch between handpiecesverse theotationdirection or
adjustthe speedbetweermaximumandvariable which iscontrolled by the pedal



Figure2 Medtronic Midas Rex IPC Foot Pedal EFJaD

8.4 Next-Generation Integrated Power Console and Foot Control Units

Me d t r &NT headlquarters, located Jacksonville Florida, is currently developing a hew
generation IPC, known as the Empower Consatewell astwo different foot pedals the dual
functional Foot Control Unit (FCUAndthe multifunctionalFCU. The dualfunction FCU will feature
a pedal and a single dome switch, while the multifuncti&@ 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 handpieomigected. 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 Unis will detectthe pedal position through a Hall effect sensor. This
measures variations in the strength of the magnetic thektljust the outputevel. 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 f eedb atiork Sircenthetretatonshi bibtavéed the n@agnstic field strength
and the degreef pedal depression is nonlinear, calibration of the FCU is necessary for accurate output.

Hall effect sensors are used severalapplications,including position, speed, and current
measuremenihe Hall effect occurs whencanductive materiatarrying a currerttas a magnetic field
appliedperpendiculato the current flowshown inFigure 3 Thisapplied magnetic fieléxerts a force
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on the moving chargesalso known as the Lorentz force, which createsglactric field. This electric
field is whatcreates the potential differenaghich is measured as voltafig.

[
—

f

Figure3 Hall effect on a conductive material [4]

In the case othe EmpowerFCU, the position application is used Hall effect sensor is
implemented in the design of the FCU PCRl&tecting the position of threagnet in the pedal as it is
depressed.

8.4.2 DomeSwitch Functionality

The Foot Control Unit is available in ®ulti-Function or DuatFunction format The Multi-
FunctionFCU has fourdome switcheswvhile the DualFunction FCU only has ordome switchThese
dome switchesan be mappeadut by the surgeon to control any operation on the corBlogaixiliary
buttonsare made osilicone, rubber, or metah a domeshape abovéhe primary circuit providing
tactilefeedback to the surgeavhen thedome switchs fully depressefb]. This allowsthe surgeon to
control the console without removing their attention frompthtent.

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 communicati@untroller Area Network (CAN) is
fflan asynchronous serial communi cation protocol 6 used in automot.i
repeated transmission of sensor data. CAN with Flexible-iaa¢a(CAN FD) builds on standard CAN
by supporting a variabltransnssion bit rate and message payload [§ikdn wired mode, the Empower
FCU communicates over the CAN bus to exchange pieces of data, including FCU version, dynamic
identifier, button outpus, error messagesnd pedal positionn wireless mode, the FCU employs a
version of the Bluetooth protocol that exclusively connects to the EmpDevesole

The FCU uses Electrically Erasable Programmable frdg Memory (EEPROM]jo store its
version information, which can be accessed by the Empower console. This information allows the



console interface to control tldome switchfunctionalities based on the user input. The number of
configurabledome switcles on the FCU is determined by the version data stored in the EEPROM.

The FCUwas designed teupport firmware updates via the CANs using a Medtronic software
tool. This capability depends on a specialized bootloader embeddedfiittbeontroller unit fMCU)6 s

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

existing firmwareto be erased and replaced with a new version transmitted over the CAN bus

A bootloader is aritical piece of code that executes on system startup, initiali@ndware and
ensuring the main application launches consisteBiyond basic startup taskmotloadersnanage
firmware updates by interfacing with communication periphg@lg., UART, USB, or CAN in the
case of the FCU)Unlike application codgthe bootloader resides in a wripeotected memoryegion,
preventingaccidental deletion during updatasdenabling recovergvenif the mainfirmware fails or

is corruptedduring the updating procefs).

For example the nrf5340 bootloadgFigures 4-5) demonstrates this process: it erases the old

application and programs new firmware
update capability is essential for efficient software verification and potential reprogramming at the end

of amanufacturing line
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Figure4 Bootloader Application Cod8chematid8]
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Figure5 Bootloader Overwritingschematig8]

8.5 Quality Assurance and Quality Control

Quality assurance and quality control (QAQC) are essential for maintanieffective and
efficient manufacturingorocess Quality assuranceroactively implementsystematic activies to
ensurethat a product meets its intendegfjuirementsvith confidence This process will follow the
developmerdl lifecycle of the producf9]. Quality control focuses onreactively identifying and
correctingdefects in the final produet the end of productigensuringhe product meethespecified
requirements establishém quality &surancg®].

Currently, the QAQC of the FCU is beingssured by using the ney¢neration EmPower
console to test key functions of the FCU. This highlighteeed for an improved QAQ#&pproachas
the manufacturing of the product will be outsourqadhibiting theability to send thenanufacturea
productthat is currentlyunder research and developmérte FCU QCUis intended tde integrated
into the production line and provid@AQC, providing atesting fixture that is independent from the
EmPower console.

The FCU Quality Control Unitwill verify all primary system functionsuch asactuaing the
dome switcheand pedalswhile reading theesulting voltageutput of the FCU through the CAN bus
and checking the orientation and display of the LCD screen on the F@Ubenefit of having an
independentest fixture like theQCU allows Medtronic to send to theanufacturers the components
and firmware of the QCU to be assembled into the productiondirs@anteeinghat the QAQC of the
new FCUs willfunction poperly beforedistribution.



8.6 Preliminary DesignKnowledge
This section provides a highvel overview of the key design components essential for
developing the QClthesedeas will be elaborated on in later sections.

8.6.1Two-DimensionaMovement Systems

Two-dimensional movement systems are u$ed many applications that requingrecise
placement of partg a single planeincluding but not limited to 3D printei computer numerically
controlled (CNC) machines. There are three common movement system configurations: cartesian, core
XY, and Hbot.

T Rectilinear (fiCartesianodo) 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 volyrslkkown inFigure6 below. It operates by moving
the print head along a linear patasulting in simplified motor controls for positioning the extruder
while the build plate moves in the-direction

Figure6 Rectilinear 3D printef10]

1 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 ttaategh a series of pulleys
and fixed to the moving gantry, séégure 7. This design provides high acceleration, great
precision with a compact design, and requires less torque thanBbé rHovement system since
the torque is distributed between the two motors.
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Figure7 Core XY Pulley SetUp [11]
1 H-Bot movement system

The HBot movement system liket he XY core movement but wuses belts that for]|
shapeshown inFigure8. The HBot system also focuses on moving the print head in the XY plane
while the base plate moves up and down to accommodatertftev@ment. Due to the shape of the
pulley belts and the two stepper mot@shet torque is put on the center garing can lead tthe
center raildwisting as the gantrynoves 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, fitzane will be a
very high tolerance during manufacturing
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Figure8 H-Bot Pulley SetUp [12]



8.6.2Linear Actuators
Linear actuators are mechanical devices that convert the rotational movement of motors into linear

motion. There are various types of linear actuators subkladriven actuatorscrew driven, andall
screw driven.

9 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 showrFigure9. 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 paecision
may pose several challenges in designs that require vertical motion, as they are susceptible to back
driving if a breaking mechanism fail$3].

Belt clamp
and tensioning

ball bearing unit

Figure9 OpenConstructionLinearPositioningUnit [14]

9 Screw DriverLinear Actuators

Screw driven linear actuators operate with a solid nunglialong a threaded shaft, much like a
traditional nut and bolt, showin Figure10below. 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 bearingsmesgitigicant
energy dissipation through friction and heat. This energy loss limits the duty cycle of lead screw
actuators to roughly 50945], meaning that if the actuator extends and retracts for 10 sedomasst
stay at rest for 10 seconds before actuating again.



Figure10 Screw Driven Linear Actuator Schemai®]
1 Ball-Screw Driven Linear Actuators

Ball screwdriven linear actuators incorporate recirculating balls at the nut and screw interface,
much like ball bearings, to reduce the coefficient of friction, showrignre 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.

Screw shaft

7

) /i\/
/.~ \Ball screw nut

Figure1ll Thomson Linear Ball Screw Schemdtld]



1 Captive Linear Actuators

Screw driven linear actuators are often soldaptive and nowcaptive configurationsCaptive
linear actuators convert rotational motion from motors into linear movement using a fixed housing
design hatallows the actuator to move in free spaghis is achieved by preventing thetational
motion of the lead screwconcerningthe motor body often using a spline and spline housing
mechanism integrated at the end of the lead screw, sholiguire12 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 actuats is their overall length, which can make them less suitable for
designs with limited space.

=
=
=
=
=
=
=
=
—
—
=
=
=
=
=

Figure12 Captive Linear Actuator Schemafis]
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1 Non-captiveLinear Actuators

Non captive linear actuatoase configured so that the lead screw passes through the motor body,
shownin Figure 13 below [19]. This fundamentadifference from captive actuatonsakes them
suitable fordesigns thatix the lead screwat both ends and the payload to the motor body, shown

in Figure 13 below.

Figure13 Non-Captive Linear Actuator SchemafR0] [ commented [cT1]: Add ref to memaster part #

Non-Captive Lead Screw .
; Device or Payload
Typical Arrangement Attached to Motor

Screw Screw
Rotation

Rotation
{ Handle Longer Lengths
with Added Linear Rails

Figure14 Non-captive linear actuator configurati¢to]
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8.6.3The Rust Programming Language
Rust is a modern systems programming language designed to provide-{egdbwontrol and
performance of C and C+while offering compileime memory safetguaranteeto preventcommon
errorssuch as buffer overflovits ownership and borrowirgles shift memory management to compile
time, eliminating tle need for a garbage collecemwsuring no impact on runtime performanRes st 6 s
performance i€omparabldo C or C++ which are the other standard options for writhegemetal
fimware For embedded an ddevelapmentthe Rust lecosysgem toféers specialized
cratesfor examplefrppabpr ovi des high | evel absRGRI@SBR,ams for accessing Raspbe

I2C peripheralss i mpl i fying the devel opment of hardware control softwar
frameworkg21].

Errors in software range from unrecoverable faults that crash a program to recoverable conditions
t hat can be gracefully handled and potentially recovered, and R

distinguishes between these categoriRscoverable errors are represented by fiResult<T,E>0
enurreration which forces callers to handle or propagate failures explicitly using methodsndm

or the fi?0 operator, promoting robust error pegation in contexts where hardware communication
may intermittently fail In hardware interfacing scenarios, managing recoverable errors through
fiResuld 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 errf22]

8.64 Vision Systems&nd Algorithms

Machinevision is a technology that usemaging to automatévestigation and analysis. A
camera or sensor is used to capture an irreage a computer is used to process the image sol usefu
information can be extracted from There are three main types of machine vision systems: Smart
Cameras, PBasedSystems, and Embedded Vision (Hybrid) Systems.

Smart Cameras are small devices that do inaggiisition processing, and data analysis all in
one systemThese systems are maresteffective and easier to use compared teB2Sed Systems,
but they do not allow as much developméexibility as PGCBased Systems or the use of more than
one camera.

PCBased Systemss mentioned before, are more expensive than Smart Cameras. Their main
advantage ifts ability to do more specialized tasks and use more than one c&f@dBased Systems
use a camera to acquire the image while all the processing and data analysis is done witfititee PC.
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 Cameraagdluireand process the image
while the PC does the data analy3isis is very useful for systems thetve multiple camerde acquire
images because this takes some of the processing poadechaway from the PC since it will only
need to do the data analysis in a system like thigs 3ystem can also use the Smart Camera to just
acquire the imagkke with the PGBased SystenT his can be cost effective when the use case calls for
a PGBased System and tideveloper of the system already has Smart Cameras they could use instead
of having to buy new cameras for the system. Even though thdoBP€image processing and data
analysis and the Smart Camera jdeesimageacquisition like in a PGBased System, this is still
considered a Hybri@ystem Embedded Vision Systems can also use regular cameras just like-the PC
Based System. In this scenarichavwould make the P8ased System an Embedded Vision System
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is if it uses other types of sensors to help enhancienidige processing. These sensocdudebut are
notlimited toencoders, Field Programmable Gate Arrays (FPG#shferred Sensors.

Template matching used to search a larger image (search area) for a smaller image (template).
This is done by sliding the template image over the search areamudring 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 61 score or .000 score butan be different based on how the algorithm was written.
The algorithm takes the highest score as its closest nfatbheshold value can thde determinedo
thealgorithm knows if the template is contained in the image or not.

In the context of machine vision, template matching is useée&ure location or detection.
The FCU QCU utilizes this algorithm for feature detection o@lyt of the three stages for machine
vision; image acgsition, image processing, and data analysis, this algorithm is run during the data
analysis stage. Featudetection, although faster than feature location, can take a lot of computing
power If the PCbeing useds not powerful enough or a Smart Camera is being tsegblate matching
can take Bninutes 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 thec amer a sensoro6s resolution for the use case, compress the
without losing the needed dadaring image processing, and/or ruseparate local search algorithm
that uses a smaller predefined area or heuristics to narrow the search.

9. Division of Labor
Theteamstructurewas designetb leveragethe strength of each team member whdilstering
the development afkillsthrough collaboratioriTeam members were strategically pairedtare their
knowledgeand experienc®f 3D modelingand assemblies in SOLIDWORKShis collaborative
approacHurther providedheopportunityfor memberso improvetheir project management skill§he
projectdés software and hardware design phases were aligned with
electrical engineer, aleing them to take leadership roles in their respective areas.

9.1 Team Structured

9 Chris Kellar (industry contact) feedback orsubsystem ideas, feedback on final design, access
to software that containedformation tocreate our design requirements, and constraints

9 Blakei Framedesign XY coretheory, motor selectionframematerial selectioppulley belts
selection, mechanical subsystem down selectiamd guiding Matt and Raillys with 3D
designing subsystems

9 Callai Center gantrglesignpedal depression mechanibackgroundlinear actuatoselection
XY movement and pulley design with Matiase plate desigand mechanical subsystem down
selection

1 Dylani Desigred the hardware systesnchitectureincluding CAN busmotor controllers, and
current sensdPCBAs,and integratedthersensorsSoftware architecturandbackend codéor
motor control, pedal depressioRCU output nonitoring and linearizationand CAN bus
communication.

1 Jeremyi GUI, vision systemandfrontendsoftware development.

1 Matti Frame design witlBlake Test fixture casingelectronics componertompartment,
mechanical subsystem down selectamd XY movementdesignwith Calla.
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1 RaillysiLinear Actuator mounting bracketgsigning first iteration of gantrynounting the pi
camera to the top of the fixtuéghting, and mechanical subsystem down selection

Figure1l5 Team organization chart.

A clear and conciskeadershigstructure is keyo any succe$sl team, projegtor goup activity.
The Medtronic FCU quality control unit teaaimed tounderstandndividual learning stylesacademic
strengthsandefficientcommunicatiorskills. In Figurel5, anorganizationathartshows how the team
divided work accordingo people's proficiency and how strengths could be played off one another to
effectively accomplish the given task at hand throughout the project.

9.2Billable Hours
Tablel Memberspecific billable hours

Monthly Total Hours UG [ S8
Sept. Oct. Nov. Jan. Feb. Mar. Apr.
(B)'_""ke 52 52 19 24 47 33 28 | 255
(T:_a”a 505 | 56 28 4 68 | 46 40 | 3295
E?'Ian 37 76 21 83 97 86 57 | 457
;eGr?m 36 32 10 30 33 36 22 | 199
'\E"_a“ 615 | 635| 22 29 58| 39 | 36 | 309
gf""'ys 435 | 39 18 24 56 | 33 24 | 2375
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10.Design
10.1Problem Statement

Medtroni® &ar, Nose, and Throat (ENT) divisiam Jacksonville, Floridais developing the
nextgeneratiorintegrated Power Console (IPC), known as the&ser Console. This device provile
power to surgical hand tools and irrigataiuring sugical proceduresA 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 FGltk being outsourced, creating a challenge
in ensuring quality assurance amahlity control Theexistingtesting procedureelies onthe Empower
console prototypes twerify FCU outputs, whichis impractical foroutsoured manufacturingand
introducesrisks of inconsistent calibratiomisconfigured otputs and communication failure3he

primary purpose of th@uality Control Unitis to provide anendf-l i ne test that ensures the FCUO®s
pedal, auxiary dome switches connection modes, and display are operating as intended before
distribution.

The Quality Control Unitwill achievethese through variouestsas follows:read the output of
the pedatepressiomndif the FCU output is incorrect, the system will calibrate the product by applying
a linearization algorithmThe algorithm willcollect data at various points along the path of depression
and updat the software accordinglyt 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 erust regist
an output corresponding to dome switch oflee system will be able to test that the FCU can be
configured in its two communication modes: wired and wireleastly, the system will use pattern
recognition to process pictures of the LCD on the FCUs to determine if they are displaying the correct
information.

[ Auxiliary Buttons

[ Pedal

Figure16 AnnotatedMedtronic Midas Rex IPC Foot Pedal EFZaD
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10.2Design 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 integradiwh,industry standards and compliance.
The FCUQquality control unit will implement software and hardware designed to precisely control the
pedal, calibrate the system, and evaluate the durability of the current pfbalatassify the importance
of eachrequirement 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 requiremfentthe FCU quality control unit:

10.21 FCU Quality ControlCalibration:
1 Pedal andduxiliary DomeSwitchesActuation:
o Pedal Depression:
The system shall be able to measure the output of the FCU's pedal depression.
o Force of Actuation
A Pedal:
The system shall be able to apply a minimum force of 50 N to the FCU pedal.
A Auxiliary domeswitches
The system shall be able to apply a minimum force of 23 N tautkiBary domeswitches
on the duafunction and multfunction FCU.
0 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.
0 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.
0 Auxiliary domeswitchesActivation:
The system shall be able to detect wheratlndliary domeswitchesof the duaifunction
and multifunction FCUhas beenfully depressed

1 FCU Version Detectian

o0 FCU Connection Mode:

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

The system shall have the capability to holddbatunctionand multifunction FCUs in

place during testing.
o Physical Detection:

The system shall use a method of physical detection to detettmeinersionof FCU.
16



o Wired Communication:
The system shall use a wired connection with the FCU to detect the version of FCU.
1 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 disglthe battery charge.
o Cross Verification:
The system shatlrossverify the display's information with the information collected
through the wired connection between the system and FCU.
1 FCU Linearization:
The system shall be able stopdepressing th&CU pedalto collectdata at the different
point Once the data has been collected along the FCU pedal depressi@nlipatrization
algorithm can be performed.
1 FCU Programming:
The system shall be able to program the FCU through the wired connestalniing
linearizationfor eachunit.

10.22 Testing
1 Endof-Line Test
o Version Verification:
The system shallrossverify the FQJ6 s v ¢oressurethaheu n i intebnalsoftware
correlates to thphysical detection methanf the FCU.
0 Pedal Functionality:
The system shall verify that the FCU pedal depressiothiegsoper output and is
calibrated.
o Dome switchFunctionality:
The system shall verify that the FQlutputs thesignal that correlates with tldwme switch
that was depressed.
0 FCU Connection Mode Functionality:
The system shall be able to verify that both the wired and wingledesproperly function.
o Display Functionality:
The system shall be ableamossverify thatthe information displayed on the LCD of the
FCU has correct information.
i Test Duration:
End-of-line testing should not exceed 10 minutes per unit.
1 High StressTest
The systermaybe able to apply a force of 1350N for 1 minute todbme switcks),
pedal, and housing of the FCU. Following ttigh-stresgest the system shall measure the
functionality of thedome switcks) andpedal.
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1 LongTerm Stress Test:

The systenshouldperform an accelerated lontgrm 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 thiome switcs) repeatediyor a minimum of 132,00@ome switchactuation
cycles. During and/or after the test, the sysstiwuldcollectpedal position andome switcks)
output

0 Measurements
A Output of FCU Pedal Depression:
The system should collect thieltage associated with the corresponding pedal depression
depth.
o FCU Battery Life:
The system should be able to meashepercentage of battery life of the FCU.

10.23 Software:
1 User Interface
0 Touch Screen:
Theoperatorshall interfacevith atouchscreemuisplay.
0 Mode Setting:
Thequality control unituser interface shall allow the user to set the active modeofend
line, long-termstress, andigh-stresgest.
o Parameter Setting:
Thequality control unituser interface shall allow the user to set the specific parameters of
the test: repetitions, speed, time, force, etc.
o Configuration Memory:
Thequality control unituser interface shall allow the user to save the set of parameter
settings for a test.
1 CAN Bus Monitoring:
The system shall be able to monitor the FCU's CAN bus.
1 Network Connectivity:
Thequality control unishallbe able to connect to tidedtronicnetwork
1 Network Independence:
Thequality control unitshall be able to operate with no network connection.
1 System Software Updates:
The system shall be able to receive firmware updates from the network.
1 FCU Software Update:
Thequality control unishall be able to receive firmware updates from the network.

10.24 Safety:
1 System Sealed:
The system shall not ruamy testavhile the systeré dooris open
1 Fixture Lockout:
The system shall engage a safety lonkhe doomwhentestingis active.
1 Overdriving Detection
18



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.

1 Emergency Shut Off:
The system shall have an emergency-sifiuswitchto stop all power going tthes y st e md s
power supply

10.3Design 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 consgrgilaty a critical role in the engineering design
process as they establish the lindtswhich the system must operate to enshesuccessful execution
of the design. Below is a comprehensivedisthe important design constraints including budget, safety

standards, materi al availability, and user accessibility.
1 Budget:

The budget shall not exceef,$0Q
1 Safety:

Thecontrol unit should beesigned to prevent bodily harfior the operatorsluring useand
comply withthe safety requirements detailedsection 10.2.
1 User Accessibility:
0 The system shoul d
0 The system shoul d
T Maintenance
Componentghat require frequent replacementare athigh risk of breaking should be
designed for easy access during maintena@astomizationof parts should be minimized to
simplify replacement o$aidparts
1 Security
U Remotemoritoring of testsaandexporting of reports is limited to Medtronic employees only
U Access to the FCU firmwatie limited to Medtronic employees only

designed

t receive test mode input from
designed f

be o]
be or easy access to parts that w

104 Design Alternatives anBecisionMaking Process (Concept Selection)

Design alternatives and the decisimaking 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 tfiasd dequirements 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 adresses the problem statement but guarantees that the ideal design is selected.

10.4.1Movement System

To meet the requirements depressing the foot pedal and actuatipgo fourdomeswitches
the FCU Quality Control Unit must be able @ocuratelypositionthe linear actuatoover each. D
determine the optimal movement systimthe control unitdesigndor positional control ofilament
extrudersare consideredthe CartesianH-Bot, andCore XY movement system&ee Section 8.6.1,
Two-Dimensional Movement Systems
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A cartesian movement systaequires theéuild plateto move alongthe 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 toreach all thedome switcles found on themultifunction FCU. Additionally, its zaxis
movement involvesowering the entire center gantryisking interference between the center gantry
and the FCWuring pedal depression and button actuatWhile the H-Bot movement system often
causes torque on the ¢engantrythe Core XY desigmitigates this issyenaking it the optimal choice
for the Quality Control Unit.

10.4.2Pedal Depression

The FCU quality control unit mustprecisely depress the foot pedsl a travel distance of
10.41mm(see Section104.2, Pedal Depressioh while collecting128 datapoints throughout that
interval (see Sectiorl0.4.2, Pedal Depression A linear actuatorhas a high degree of precisjon
allowing it to convert different forms of energy infreci linear motion makingit suitable for this
application Thetypes ofactuators considered for this application wleesl screwball screwandbelt
drivenlinear actuatorsiith the selection criteria focirgy onfactors such athe stroke length, precision,
speed, and cost.

The FCU quality control unit willitilize a screwdriven linear actuatdior its superior positional
accuracy and stiffnesBositional accuracy isaitical factor in actuator selectiowhich eliminatedelt
driven actuators from the potential solutions. Screw driven actuatorefédsanincreased stiffness
when compared to othspes allowingfor higher axial forcesespeciallyin vertical orientationsA |Iead

screw actuatois selectedverthe ball screv bonfigurationto save costasenergy eficiency isnota [cOmmented [el2: ?Dr.B

designpriority. However,if future iterations focus on improving efficiency and reducing the overall
testing time, a more expensive ball screw actuaty beconsidered as a potential upgrade.

A NEMA 17 stepper motoiinear actuatof20lwi t h a 0. 001250 travel di stance and 4.60
lengthwill be used for the pedal depression of the FCU quality contral Thi$ actuatois rated fora
107 N dynamic loadapacity, exceeding thainimum force(see Sectiori0.4.2,Pedal Depression
Thed . 60 travel di st ance a Hddpressthe pedadthe hebessarpacdunacyt or end to ful |y
andavoid collision with the FCU while moving in the XY plane.
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10.4.3Dome switchActuation

Actuatos arethefoundationfor the pedabepressiomndauxiliary domeswitchactuationLead
screw driven linear actuators allow faccuratepositional movemet andan ability to give positional
feedbackafter eachincremental stepThey allow the end toexterd at aslow paceand can switch
directionsthrough a change in the polarity of the applied DC voltage.

Solenoid actuatorsalso meet the force requirements needddee Section10.4.2, Pedal
Depressioh Thedrawbacksreinconsistent voltage fluctuatisanda lack ofdirectpositionalfeedback
since itoperatewith only one maximum positiorAnother dstinction lies irwhatreturnsthe solenoid
to its original position an internalspring This could cause inconsistenciesn the data points.
Implementing elenoidsincreasesost anctlectrical desigrmomplexity, which makesthemimpractical

10.4.4 ElectricaHardware Selection

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

and versatile features. At its coee2.4GHz quadore 64bit Arm CortexA76 CPU the Raspberry Pi 5

offers high computational performance, enabling seamless multitasking for complex operations. Its
support for multiple communication protocols like 12C, SPI, and UART ensures robust interfacing with

the QCU®s s ensor sThaRashbbeoywPs 3 atsonfeaRi@4upid GPIO header dual
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USB 3.0and USB 2.0 ports, and two felane MIPI camera/display transceivers, allowing integration

of peripherals such as the touch display and camera-iBuBltuetooth and dudband WiFi provide
reliable wireless communication, enhancing system flexib[$]. 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 chfigeits ease of integration with
the Raspberry Pi 5, higesolution sensoiC/CS mount and lowlight performance The camera is
designed specifically to work with anyaBpberry Pi from the Pi 1 Model B onwards. Thereplenty
of Python libraries and documentation available for these cam@&ras.sensor chosen has 12
megapixelswhich well exceeds thminimum resolutiomeededor this applicationlt is estimated that
the minimum resolution needéslin the thousands of pixelehich iswell below thel2 megapixks
resolution from the camer@. mount and CS mount lenses #ire most common mount types for vision
systemlenses This gives more ofinsof lenses to choose from and allows for reusing other machine
vision lenses left over from other vision systems if needed bly@émanufacturem the future The
last reason for choosing the Raspberry Pi High Quality Camera CS Nhotinat excellent lowight
performance. Although the desifpr thefixture includes lighting for the vision system, having good
low light performance helps teliminate therisk of the enclosure not having adequate lighting to
differentiate thevariousicons.

The Raspberry Pi 16mm C Mount Camera Lens was chosen dgijutstabldocal lengthand a
fedangl e compati bl e with the TRenesapelpresandmst® bothCamer ads sensor
fixed and adjustable focal length lenses. The main reason for choosing an adjustable focal length lens
is to allow for camera mounting flexibilityThe camera has a 7.9mm diagonal sensor size, which is
appr oxi ma hie heanste Rasgberry Pi 16mm C Mount Camera Lendaige enough to
display an image without cating vignetting on the captured image.

10.4.6 Electrical Alternatives
The Raspberry Pi5ceenasthe ont r ol | er for the fi xtsmale coul débve been
Dell computer. Dell computers have been used in the past by Medtronic on similar test fixtares
area few reasons a computer like this was not chosen for the pirogaating but not limited to: the
price, the size,the difficulty of acquiringone andthe excesscapability The Raspberry Piss
approximately $80 while Bell computecommonly used by Medtronic can cost anywhere from $500
to $1000.Although Dell offers computers in a small formfactéhe Raspberry Pi & significantly
smaller than angomputer Dell offerandmounts well on the back of the Raspberry Pi Touchscreen
usedfor interfacing with the fixtureFor this project, the only capability needbdy t he fi xtur eds

computer is to run Python and Rust code, and ton't r o | al | t heThd Dekdomese 6 s subsystems.

with Windows 11 which can do more than needed. The Ragy Pi 5 comes with the Rasbhi@§,
which is lighter than Windows 11.

The Raspberry Pi High Quality Camera CS Mocmtld be replaced with @amart camera o
normal vision system camera. Tteasonghese alternatives were not seledtesteto do with the ease
of integration of the Raspberry Pi Camera with Respberry Pi, the ease of software integration with
the rest of the systenand the coseffectiveness of the Raspberry Pi Camdiiae Pi Cameraosts
approximately $50, while a vision system camera can run anywhere from $§80@a
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The Raspberry Pi 16mm C Mount Camera Lemsld be replaced with any C or CS mount lens
due to the adaptor that comes with the Raspber@aRiera. The reason a vision system specific lens
was not usedvas due to the cosiost vision system lensestart aound $1000 and can easilge
$10,000 pluswhile the Raspberry Pi Lens is approximately .$H@e Raspberry Pi Lertsas a wide
range of F stop settings aadarge focal length. Ti& providedlexibility in camera mounting, arehce
the final designisest t | ed upon by Medtr oni c 6 storeptaceuhe erist ur er they have the
with a fixed focal lengthhlensand more attuned faheir use case.
For the QCU, we opted for a custatasigned PCBA motor controller rather than antlo&
shelf alternative to precisely me et the systemds uni que integ
Commercial controllers typically offer geneqalirpose features that eithexceeded 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 alsgrovided GPIO access, allowing seamless control by the Raspberry Pi.
Additionally, the tailored form factor of the custom PCBA enabled optimal integration within the
systemds spatial constraints.

10.46 Selection Criteria anw/eighting Commented [el3]: Do we need to in text cite the tables
Medtronic applies the Analytic Hierarchy Process (AHP) to break down complex desigl the AHP stuff?

decisions into simplified subystemg24]. The primary system functions are determined by the design

requirementgsee Section 10.Design Requirementand weighed by ranking each criterion against

one another, using the key showmTable 2 below.

Table2 Analytic Hierarchy Process Key

The criterionat the leftis ___ than the column criterion along the top (place number in green squ
10 = Much more importan 10.00
5 = More important 5.00
1 = Equally Important 1.00
1/5 = Less importance 0.20
1/10 = Much less importan 0.10

Every function compared to itsaff given a score of 1.00, meaning that is equally as important
as seen in the black celtsTable 2 Examining the pedal depression in the left colyoutlined in red)
against theauxiliary dome switchactuation (outlined in blugthe rankingis as follows: The pedal
depression is more important than thiliary dome switch activatioand therefore given a score of
5.00 The comparative methddr systemcriteria weightingallowsthe relative importance of eath
be hghlighted in the final column The analysis indicates that pedal depression and the accurate
measurement of this depression are the most critical functiotig)yelsave the highest scarethe final
column This helps determine tHfanction designs that must be prioritized durthgdownselection
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Table3 SystemCriteria Weighting

Objective: Determine the relative importance of each u—
criterion. Based on the results of the Criteria Ranking, g 8
some criteria may be dropped if a dramatic split is = c @ 9
observed in the respective rankings. Some criteria mg c c 8 g GE" c Q. GC) o
rank very low compared to others. o o © = o S Q IS g
2l o8 a) S Sa| O o 3
? 2 L 7] o = £
ol €32 c b= a3 5 = =
sl 2o 9 S T = n o a
all ©< 7 o Lo >
ol =% 2 > ) 2 & = £
o 2o o > =0 T 3 [3)
— 8 c > © S = = > = =
@ =) - o ® = D =1
3l 35| 3| 2| s5%| | S| B i
2z g a Oa = n x o
L Pedal Depression 00 5.00 5.00| 10.00 0.10| 5.00| 1.00 37 0.28
Dome Switch Actuation 0.20 oe] 0.20| 10.00 0.10| 5.00| 1.00 18 0.13
FCU Version Detection 0.20| 5.00 o] 10.00 0.10| 5.00| 1.00 22 0.17
Display Verification 0.10| 0.10| 0.10 00 0.10| 5.00| 1.00 7 0.06
Output Measurement of Pedal Depression 0.10| 10.00| 10.00| 10.00 o] 5.00| 1.00 37 0.28
Minimal User Steps 0.20| 0.20| 0.20| 0.20 0.20 o)} 1.00 B 0.02
Safety Requirements 1.00/ 1.00| 1.00] 1.00 1.00| 1.00 00 7 0.05
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10.4.5 Mechanical Subsystems

Some designproposalsaappearfeasible intheory butmay beunachievable oranbe optimized
for cost, efficiency,and effectivenessTo mitigate the possibility ofn undesirableconceptbeing
selected a thorough AHP down selection process for each mechanical subsgsisonducted
identifying feasiblesolutionsthatmeet the requirements the project

Three design alternatives fdome switchactuationarea single linear actuatoa,linear actuator
andone solenoidand alinear actuatowith five stationarysolenoids These alternatives will be further
analyzed in the overall design selecti@ee Section 10.8. Analytic Hierarchy Process and Down
Selectioi. The first desigrutilizesa precision linear actuatpositioned over theelevant component
through an XY movement systeim depress both the foot pedal andaaikiliary domeswitches The
secondalternative utilizes a movement system to positionsihgle solenoid over each dome switch
while the linear actuator remains stationary over the pedal for precision data collecticimarhe
proposed solution for dome switch actuation eliminates the need for a movement sygtesitidnying
a solenoid over eacdome switch.

The comparative methamlitlinedin (Section 10.4, Selection Criteria and Weighting applied
to each proposed design, resultinghia relativeveightingof eachto be highlighted in the final column.
The single precision linear actuatay the best design alternaties itis the highestanking option
shown inthe finalcolumnTable4 below.
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Table4 AHP Dome Switch Actuation Alternatives

= =
S| E 2 —
° © © © [}
z <| 3 iKY - >
Dome Switch 583|828 | 8| =
2 £/ 88|86 = -
Actuation 51<8(<3 o
L g0 | g0 2 —
g1 gg|gs ° o
n | 30 | Jir o o
Single Linear Actuator 5 5 30. 0. ¢
Linear Actuator and One Solenoid 1. 1 11.| 0
Linear Actuator and Five Solenoids 1 1. 0.

The FCU quality control unitmust be able thold both the DuaFunction and MultiFunction
FCUs Thefive potentialsolutiors arestraps, a clip and raihechanismfoam forming,milling the two
footprints into the base plate, ahdving separate bagdatesfor each footprint.The highest relative
weighting is 046 with a total of35 points for thetwo overlayed footprint$or the base plate design
shown inTable5.

Table5 AHP Base Plate Alternatives

S| o
o =) o - >
- gl £l B el s
Base Plate Design 1 Elgel 5a F| =
< L >E| 0. ©
9 & 5 ns =
o 0 E|l =& = —
o 2 8123|838 o o
N o L | 6Ll P o o
Straps 0.20 0.10 02010 0.1
Clips and Rails 020 |15 0. 2
Foam Forming 0.10 | 0.10 020 0. 50. Q
Overlayed Footprints 10.00 | 10.00 | 10.00 35. (0. 4
Two Separate Footprints 5.00 | 5.00 | 5.00 15.]|0. 2
7

10.46 Analytic Hierarchy Process and Down Selection

The FCU quality contralinit requireshigh positional accuradpr pedal depressiafsee Section
104.3, Dome Switch Actuatignmaking a linear actuator suitali@ this function.The various dome
switcheslocated on the Foot Control Unitely need to be pressed to ensure functionality do not
requireprecise positioning

Three overarching designs are considefidt firstdesign proposes a precision linear actuator
to depress both the foot pedal and all dome switchibs will require amotion system capable of
moving the actuator in the XY plane position it above the pedal and each of the dome switches. A
seond alternativdocuses on using a solenoid to actuateaingliary domeswitchesin combination
with the precision linear actuator for foot pedal depres3diba solenoid would be attached to the same
gantry as he linear actuatorstill requiring the use of awo-dimensionalmotion system The final
proposed desigalternativeuses the same linear actuator f@dal depression arichplementsfive
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solenoidsor dome switchactuation each positioned abovke correspondingomponentThis would
eliminate the need for a complex XY motion system, simplifying the overall design.

The Analytic Hierarchy Process (AHR used taankeach of thepreviously mentionedesign
alternativeswith respect to thelefined criterigsee Sectioi0.46, Selection Criteria and Weightihg
The evaluation process compgthe use of a single linear actuator for both pedal and dome switch
actuation, a combination of a linear actuatorantbvingsolenoid, and a design with separate actuators
for eachdome switchagainst each criterioshown in Table$-8 below.

Table6 AHP Criterion 1Pedal Depression

Pedal Depression

Linear Actuator and Five

Single Linear Actuator
Linear Actuator and One
Solenoids

Solenoid
Relative Weighting

Row Total

o

Single Linear Actuator

N
o
S
N
=}
S

0.33
0.33
0.33

Linear Actuator and One Solenoid 1.00

Linear Actuator and Five Solenoids 1.00

Table7 AHP Criterion 2Dome Switch Actuation

Dome Switch Actuation

Linear Actuator and Five

Linear Actuator and One
Solenoids

Solenoid
Relative Weighting

Single Linear
Row Total

o
o
S
=
o
ls]

Single Linear Actuator 6.00 | 0.48

Linear Actuator and One Solenoid

Linear Actuator and Five Solenoids
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Table8 AHP Criterion 6Minimal User Steps

2 2 g
S I =
— _ c
= S S n 4=
Minimal User Steps < [l [l L
P g | 23| 23 =] 2

= O c O c —
3 <o <0 o 9
o 9O 52 52 = =
T o P o P = <
s g £ o R} o 0]
(3] 3 < 0.2 o o

(0] [

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 0.03

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 istedlas 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 thatimamesY plane. This
actuator will depress the pedal and actuate all auxitianyeswitches integrating these primary system
functions o a single mechanisnshown in Table 9

Table9 AHP PugHMatrix\ Commented [el4]: Are there any electrical
alternatives/selections? Dr. B
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jo)]
£ 52 58
< ] R gL
© [} S o ==
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© =5 <Q <
5] o% 3 O G T
5 22 g3 2o
Evaluation Criteria o 52 =S Shs
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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105 Design Calculations
105.1 Core XY Movement Systemheory

The FCU Quality Control Unit utilizes a Cor¥Y 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 dsignated path (sé&gure 18. This setup enables the two stepper motors to control gantry
movement in the XYplane, governed by the following equations:

Voo -6 Y6 1)
Yo - Yo Yo )
vo Yo Y& ©)
Y6 Y& Yo (4)

Toothed Pulley

Toothed Pulley
ay
Lb AX
O O Toothed Pulley
Smooth Pulley @)
T- \ 4
Toothed Pulley || O o A O .

D Lower Plane

Figure18 AnnatatedCore XY Movement Theorjl1]

10.5.2TorqueCalculations

TheFCU qual ity mavemert systdis based ottdimsnon3D prinier designs The
motors will need to be selected so that they have enough torque to move the centemghati/Y-
plane.The motors are selected from a 3D printer with roughly the same build area as the required area
of depression for the control unitheweight of the centegantry for the quality control uniincluding
the linear actuator arthe mountingbracket will weigh less than thetandardyantry of a3D printer
which usesthis movemenstyle Since these motorsan movea heavier gantry in the same area the
torque requirement®r motor selectionwill have been met for this design.
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10.5.3External Forcesctingon theGantry

The Core XY movement system uses a <hedt pulley configurationo drive the center gantry
Thetwo beltsapply equal and opposite nonzero tension fofgesen arrowsjo the same side of the
gantry The other side of the belts aret applying any forces to the center gafiiye squiggly arrows).
Thedirection of thee balancetbrces eliminates the twisting of the center gasinge both belts apply
force in the same direction from the motors, showRigure19. The continuous belt tension prevents
slack, ensuring both stepper motors apply consistent and balanced forces throughout the system.

-3

Wy

Yy
O

+y

S = S

M M
Figurel9 Core XY Free Bod)Diagranh[lZ]

10.54 Shear Force Calculations

Thecentergantryfor the linear actuator subassembly is the most load bearing component on tt
FCU quality controlunit (see Sectior10.64, Proposed=CU Quality Control Unit Gantry. To ensure
the selected hardwaoanadequatelysupport theveight theshear stressn the bolts is analyzedhen
the actuator is applying the maximum load of 50N to the foot pEidaire20 belowshowstheshearing
force (F)of the bolt withanouter diameter (D).
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F Shear

Figure20 Bolt Shear Stress Schematic

The shear streqd is directly proportional to the tensile force (F) and inversely proportional to
the crosssectional area (A)isted in equatiord [25]. The crosssectionalarea of theM3x0.5 bolt is
found from theCAD model of thebracket subassemblghown inFigure21. The CAD modetalculates
the weights of each componentthe linear actuator subassemktpm the geometry and assigned
materials shown inFigures21 and22.

T - ®
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W3 = 4x 0.81g
Wz = 3.42g

Whracket = 23.459

= A =4 x 5.66mm?
A = 22.64mm?

Figure21 Bracket Subassembly Weight

Wiinear ace. = 0.531b
Wiinear ace. = 240.41g

Figure22 Linear Actuator Subassembly Weight

The total weight of the subassemblyOidlkg, calculated in equatioh[25]. The tensile force
acting on thédoltsis a result of the total weight of the center gantry subassembly and the reaction force
from theforce of the foot pedal during depression, showRigure23.

o o o 5 O @

8 (6)
O TG ™MW MTRQ

31



The reaction force frorpedal depression is shown in the flemly diagrams on the leftdeof
Figure23. The rightside of Figure23 shows the forces contributing to the shear stress on the bolts that
mount the linear actuator subassembly to the center gantry.

.

% 1 FReact.Pedal
t
|

e

1 FReact.Pedal

Figure23 Center Gantry Free Body Diagram

The tensile yield strength ( of the zinc coated steel bolts is assumed tbdeof theaxial
yield strength listed in the material specifications from the supali8bksi[25], [26]. Equation eight
results in a shear stress of 4%si on thebolts The factor of safetyq is determined from the ratio of
the material 6s shear strength to the applied shear stress, show
of safety 0f2.9. This providesadequateonfidence in the selected bolts and shows that thdynaiil
fail due to shearing from the tensile load of the linear actuator subassembly.

t ¢cmad dgdni Q
T w9 il

€ - ®
¢ 289
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10.5.5Finite Element Analysis

Finite element analysis or FEA issamulated represmitationused to predicthe effectsand how
a system responds tarioustypes ofmechanical loading such dgnamic datic, orthermalstresses.
FEAswere conducteth ANSYSon the center gantry and base ptatealidatethe structuraldesignof
theFCU Qulaity Control Unit. The center ganry is subjected to transverse loading, makivgptimary
component at risk for bendinglhe gantry rail mounts were fixeith the X and Y directions and the
previously calculatedeaction force(see Section 10.5.48hear Force Calculationdrom the linear
actuator was applied to the surfanecontact with the guide rail carriage. Thmalysisresulted in a
maximum deformatioro f 0 ar@dl hfeakstress ofl2.5ksj shown inFigures24 and 25. While a
bending moment on the guide ralpresentthestainless steel remains within its elastic limwtéth a
minimum safety factor 0R.94 as seen inFigure 26 below, indicating a low risk of permanent
deformation

Figure24 Guide RailStatic Structural Deformation Results

Figure25 Guide Rail Static Structurdon MisesStress Results
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Figure26 Guide Rail Static Structural Safety Factor Results

A FEA is conducted irANSYS on the highdensity polyethylene(HDPE) base platess it is
subjected to transverse loagimhe material properties for the HDREe shownin Figure 27 below
[27].

Overview of materials for High Density Polyethylene (HDPE), Impact Grade

Balurar {PEY; High Doty (EOPEY; High (HOPE). Impact Grade
Material Inthe the category “Hig y . Impact Greder e of valuss reporte luss of sppropriate Tha comments.
Boter sl and The necessal tyoical o any Bpecilc rade, espoc ve kil
‘Vendors:

Piase pick suppl
Phiysical Properties Engl omments
Dersity G341 - 0.0348 i rag8 va, 0.951 gce Grads COnt 15
Wiscosay [1] E” 481000 o Avorage value: 164000 P Grade Count 7

Avorage valus: 164000 B Grada Court 7

Environmental Siress Crack Rasistance 1,00 - 500 haws Average valus: 202 hour Grade Count4
Mt Flow 0.300- 420 g/10 min Awsrage value: 14 5 910 min Grade Count-16.
Mechanical Properties. Metric English Comments.
Fardhess, Shore 0 0640 50- 840 Rverags vale: 610 Grass Courtd
Tensike Strangin, Ulimate 10.0-27.0 P2 1450 - 3920 psi- Average valus: 15.1 P8 Grass Count®
Tensllo Strangih, Vield 172280 WPa 2400 - 3630 pei Aweraga value: 216 MPa Grarde Count- 16
Elongation at Break 50.0- 1000 % 50.0 - 1000 % Avarage valua: 448 % Grads Count 16
Modulus of Elasticity 0510-110GPa T40- 180 ksi Awaraga valuo: 0,702 GPa Grade Counlt 10
Floxural Madulus. 0772-147GPa 12170 ksi Auverage value: 0.907 GPa Grade Count13.
1200 Impact, Netched 0534 3.74 Jiem 7.00 Nt Poverage value: 1,60 Jom Grase Count3

g Impact, Netched {1S0) 27,0 176 kit 128 837 ie? Aversge vae: T5.7 ki’ Grase Court&
Fallng Dart impact | AT AT6 25T ) 24,0000 130,001 Averags vaiue: 104 J Gracs Count2
Thermal Properties. Metric Comments.
Woling Paint 128-133°C 5271 F Avaraga vakie: 131 °C Grask Count 3
Deacion Tamparaturs ot 046 MPa (66 psi) 80-730°C 151163 F Average vaiue: 705 °C Grads Count4
Vicat Saftaning Point 750-128°C 167264 °F Avaraga valuo: 115 'C Grado Count 12
Beitieness Tamperaiire HE..T50°C 180 - 103 °F Auwerage vaue: -34.3 °C Grade Court:4

S of e b hapaped oo Tt e e comeeied i o s i 3 comai bt i 0 ot can Ok i propery v
b F e, 11 GOS0 1 Y ST s AV ) S 2 A1) 25 P 0 VAP T, 45 A s PSRBT, K e 0 e 1 FBEny 5 oy e ey e o e

Figure27 HDPE Material Propertiefl@7]

The edges of the base platechiey the FCU QCU framare fixed in the X, Y, and Z directions
and the previously calculated reactifamce (see Section 10.5.48hear Force Calculatiopdrom the
linear actuator was applied to the surface in contact with the actuator end. The analysis resulted in a
maximum deformation of 0120 and a p H6em, shewnineigires28and.
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Figure28 Base Plate Static Structural Deformateord $ressResults
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105.6 Life Cycle Calculations

Fol l owing finite element analysis (FEA), a detailed assessment
was performed to ensure compatibility with the Quality Control
anticipates the production of 10,000 consoles, likelyt gpenly between dudlinction and multi
function FCUs. To account fdhe worstcase scenario, it was assumed that all 10,000 consoles would
be multifunction FCUs, each requiring four button actuations and two pedal pressdsing in six
cyclespe unit. This equates to a tot abensufedBabii 00 cycl es over the pr
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 fisictuating stress, which can be assumed to stay
between the resting positiamd the max applied stre§&ased otheFEA analysis, the minimum stress
(- ) isequalto Okpsi and the maximum stre¢s ) is equal tol2.46kpsi, as seen ifrigure25.
Since the loading case is not futBversiblethe modified Goodmarmrquation will be used to determine
if the part will achieve infinite life When looking atequation (9)[25] determinesinfinite life by
comparing thestress amplitude tdhe endurance limit of the material and comparesntiean stress to
the ultimate strengtbf the material and if the sum of those comparisons are less thanfonie life
is achieved

— — pE€i—= — - ©)

Solving for the necessary variahldbe linear raib s mais #40 stanlessteel [28], the
ultimate strength("Y  equals280 kpsi [29]. The stress amplitude,, and mean stres§  are
calculated using equatiois0) and (1), respectively.

(10)

11)

Lastly, solving theendurance limi("Y) of the materiglthis is usually calculated through test
specimens to see what teue is for a given part, btitere is an equation that uses the ultimate strength
value and a handful of correction factoospredict how this test specimen wilehave see equation
(12). This equationuses the following correction factors, respectivedyrface conditions, size
modification load modification, temperature modificatjamliability factor, and miscellaneowdfects
[25]. Out of thesix potential correction facto@nly two applyin this equatiorandthe others are set
equal to 1.

Y QzQzQzQzQzQzy (12)

36



Starting from the beginning, the first correction factor,is the surface condition of the part.
Thislinear rail is a high precision rail, that has beelttworked and themachine finished referring
to Table 10the followingvalues carbe usedn equation(13) to get a correction factor @.61.

T oty (13)

Table10 Surface Finish25]

Factor a

Exponent
Surface Finish Su. kpsi S.» MPa b
Ground 1.34 1.58 —0.085
Machined or cold-drawn 2.70 451 —0.265
Hot-rolled 144 579 —0.718
As-forged 39.9 272. —0.995

The next correctiofiactor is the sizenodification referto Figure29 to seewhat equation and
the criteriaareto be usedThecrosssectional view of the linear rail can be seerFigure30. As seen

the linear rail is notround, therefore does not have a diameter. An effective diameggls to be
calculated sd¢he correction factor can be determined.

Size Factor k,

The size factor has been evaluated using 133 sets of data points.'” The results for
bending and torsion may be expressed as

(d/0.3)7"17 = 08794717 011 =d =2in

oo J091a™Y 2<d=10in (6-20]
b (d/7.62)7%17 = 1244719 279 =d = 5] mm
1.51d701% 51 < d =254 mm

Figure29 Size Factor Correctiof25]

375mm

|-f9mm ‘-| =—7.5mm ﬂ

6.5mm
3.0mm

For M3 Mounting Fastener

Figure30 Crosssectional View of Linear Ra|R8]
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Both equation(14) & (15)were used to determine the effectdiametel{25]:

QO mrnigEo ’ (14)
Q ™ X! (15)
Q p§aa

After calculating the diametgthe correction factofQ equates to 0.95keeFigure29. Moving
ontothe other correction faets, thdoading modificatior(Q) is set to lasthe loading type is bending
seeFigure31 Thetemperature modificatiofactor (Q) is also set to onasthe operatingtemperature
range does not exceed00 FRwhich will not impact the yieldingstress of the stainless steel
Additionally, the miscellaneous correctitactor is set to 1

1 bending
k, = <0.85 axial (6-26)
0.59 torsion

Figure31 Loading Case Correction Fact{@5]

Thelast correction factas determined from theeliability of thelinear rail TheQuality Control
Unit is expected to have a 90% confidence intewith a 90% reliabilitywhen performing any
operation. Using tisiinformation the linear rail needs to have at least 90% reliability to not fail under
these loading conditions, swoking atTable11 the reliabilityfactor (Q) is set to 0.897.

Table11 Reliability Correction Factof25]

99.9 3.091 0.753
99.99 3.719 0.702
99.999 4.265 0.659
99.9999 4753 0.620

Beforecalculatingthe endurance limit'Y), therotary-beam test specimen endurance lifhée)
needso be[determinecbased on thenaterials Ultimateensile strengtlfas seen irfrigure 32. For 440
stainlesssteelshaving arultimate tensile strength of 2&psi, “¥2is estimated to be 10gpsi according

to the referenceﬂigure 32.] Commented [el8]: Does saying figure 32 twice making
sense?®O'Connor, Blake
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0.5, S = 200 kpsi (1400 MPa)
S, = 4 100 kpsi S, > kpsi (6-8)
700 MPa S, > 1400 MPa

Figure32 Endurance Limit Based on Ultimate Strength of the Mat§2&]|

Calculating the endance limit using equation (12bhen checking to see if the part achieves
infinite life using the modified Goodman equation. (Bhe 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 andoes 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.
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105.7 FCU calibration
Medtronic has developed a linearization algorithm for the FCU, designed to ensure precise
posiion 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 FCUO6s Halll sensor . At e ac hasprarent beingt8kbn s ampl es are gathered,
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 contpe@CU
software invokes the algorithm, which proses 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.

Y O 00a0RNOANHGUDQEcTH Gan & Qi
YUY€ olcxaa A WO oywTiTdan & Qi
Y 001 QETMBEG 0 0 QOUBIQEE o @i QO
The amount of data collected g&€U linearization performed can also be calculated.

0 6'Qf Qi Gan apx

0O "YE OX0E OEROENE & & 'QADZNQ v o X @O B X Céle&‘) Q {Commented [el9]: Electrical and Linear actuator
calculations? Dr. B
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106 Proposed Design

10.6.1 Proposed FCUulity Control Unit Design

This is thequality control unit which will be able tocalibrate 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.

Figure33 FCU proposeduality Control Unit

10.62 Proposed-CU Quality Control UnitFrame
The frameof thetest assembly will beomprised of 80/20 railseen inFigure B held together

with hidden bracketsThe frame of the quality control unit will needtiave multiple mounting points
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for the core XY movement system, which contains linear rails, ey motor mountsThe bottom
double rails on the frame will allow for the baseptateasily slide in or out of the frame, this accounts
for the possible design integrations the FCU may go throTigé 80/20 extrusions will allow for easy
mounting of the acrylic panels that will be usedutly enclose the control unio comply withour
requirementgsee section 10.2 Safety.

Figure34 Core XY Quality Control UnitFrameCAD Assembly
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Figure35 Quality Control Unit Framé&xploded ViewCAD Drawing



The base plate subassemtdiown inFigure 36 below,includesthe custom base platéour bracket
subassemblies, anldree IR sensors

0 Bracket Subassembly
D Multi-function Foot Control Unit

/,’o/ D Dual-function Foot Control Unit

Figure36 AnnotatedBase Plate Assembyxploded View

The FCU quality control unitmust be able to accommodate both the Buaiction 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 polyethelpl at e t hat is 0.010 | arger than the
overlay of the two FCUsannotated irfFigure 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 housingsThe initial prototype will be 3D printed with an fused deposition modeling (FDM)
printer.To ensure theersiondetection of thé&CU that is placed into theontrol unit, three IR sensors
will be used. The dimensionsf the sensocutous is shown inthe CAD drawing,Figure 37, and
highlighted by detail A.Full size CAD drawings are shown in the Appendix.
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Figure37 HDPE Base Plate CAD Drawing

The mounting brackesubassembly includes a custdmmracket,a T-slot connector, and three
1/4x20steel hex drive screwsshownin Figure 38 below. Thesebracketswill be implemented in the
designfor mounting the base plate to the frame and Ineiigate the shear stress on the badlys
supporing the platefrom thebottom Detailed CAD drawings and schematics of the base plate bracket
subassembly can be found in tAppendix

Figure38 Base Plate Brack&ubassembIZAD
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TheQCUds basepl at bole§ eachtalignee with &R seeser mounted directly
below.When an FCU is placed into the fixture, parts of its body will cover or leaveekpash of the
IRsensors The QCUb6s software reads tlhR sreerssudrt iansg gpatteeraand treating
an uncover ed,tcsidentfy ahethea the RCU i8 8 dual function or multi functiomly
two specificsensor patternsor r espond to valid FCU version, any other pattern (
39) indicates misalignmerdr no FCU is present.

Tablel2 IR sensor truth diagram

Value Version

Sensor 1 Sensor 2 Sensor 3

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
O (0]
O ()
(o] (e}
O O

Figure39 IR photodiode sensor slots in quality control unit base plate
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10.63 Proposed-CU Quality Control Unit Core XY Movement

The Core XY movement systemshown in Figure 40 below, includes two X-gantry
subassemli¢s, the XY carriage subassembly linear actuator subassembly two stepper motor
subassemblies, two idler braclstbassemblieswo ball bearing carriage$wo guide rails, andwo
hightstrength timing beltsThe upper and lower pulley belt planes are shoviafui@ and red, respectively
(see Section 10.4.Core XY movement system

Idler Pulley Subassembly

Ball Bearing Carriages

Guide Rails

Figure40 Core XY Movement Subassembly CAD Model

Two NEMA 17 Stepper Motorf80] are mountedin the back ofthe fixture that will attach to the
center carriage using a timing belt and a series of pulleys that extend down along the thsiffawfe
The pulleys work in tandem to move the center carriage to all akthéred locations during testing
(see Sectior10.5.1,Core XY Movement Systenfhis design uses two separate timing belts, made of
high-strength neoprene that will connect to the middle carrapsving for 2 degrees of freedom
neededo control the linear actuator position in the FGuality control unit Figure41 displays the
Core XY movement system CAD drawinfyll size CAD drawings are shown in the Appendix.
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C C
ITEM NO. PART NUMBER DESCRIPTION Qry. - €
1 EML 4551 DRW 137 X Ganlry Subassemby | 2
5 2 EML 4551 DRW 131 XY Camage Subassembly 1 5
3 EML 4551 DRW 132 | Linear Actuator Subassembly | 1
4 EML 4551 DRW 133 Stepper Motor Subassembly 2
5 EML 4551 DRW 134 | idler Bracket Subassembly 2 .
6 6709K114 Ball Bearing Carmage 2 Medtronic
| 375 mm Long x ¢ mm wide
7 |e7o9k1s3 Standard Guide Rail for Ball 2 : .
Bearing Carriage - ; Core XY Movement
A - = . - 4 Subassembly A
High Sfrength HID Timing Belt
8 [3682NII | émm) 2 REV
[ EML 4551 DRW 130 1
) 1. n.,.A...j [T, A_.Lb ] 4 3 Z !

Figure41 Core XY Movement Subassembly CAD Drawing

Stepper motors were chosen for theYyXMovement 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 criticatiability 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
capabilites by subdividing each step into smaller increments, enablingraggiution and smooth
movementThe NEMA 17 stepper motor was chosen for its versatility -effsttiveness, 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 control
enables the use of less precise, more affordable stepper mottesstithachieving higkresolution
movement.Integrated current sensing ensures that the current delivered to the motor coils remains
consistent under varying load conditions, enhancing reliaf@it}yy The STEP/DIR interface simplifies
control by allowing adjustments tbhemicro 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 perfo8@ince
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To limit the temperature rise t0 °C with 1 0z./sq. ft.copper weighta trace carrying three
amps should have a width of 50 n{iB8]. The custom PCBA has mulayer trace routing with trace
widths of 12.5 milgseeAppendk 16.4 Prgposed Design for motor control to allow for sharing of
current load. Additionally, there is a potentiometer that allows for current tuning from the
DRV8434PWPRTwo different current sensing methods are beiwgluatedone using a Hall current
sensor and the other using a differential op amp. The metifitbdthe highest accuracy will be
implemented.

The motor subassembly, showrFigure42, includes the selected stepper motariming belt
pulley, and the custom motor moufihe corrosionresistaneluminumtiming belt pulley [34] features
a set screw that allowfsr the pulley to be secured on the #alge of the Eprofiled motor shaftThe
motor will then be secured to theotor mount with four M3x® screws.

.

o
- [ |

Figure42 Stepper Mtor SubassembiZAD Model Exploded View

The custom motor mounis inspired by the 3D distributed motor mouiﬂS]I used in a custom Commented [el11]: Remember we talked about not

3D printer build. It features -§lot extrusions on the exterior faces to securely fasten to the,frame! talking about 3D Distbute@Taylor, Calla
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detailed in the CAD drawing the Appendix.The mount alséncludes cutouts throughout the main
bodyto ensure the correspondingminumtiming belt pulley is in line with the rest of the pulleys and
timing belts in the system.

The idler bracket subassembly, showhigure43 below, includes a custom bracket, two toothed
pulley stacks, two M5x0.8 hex nut screws, and two locking nuts.

Locknuts

Idler Bracket

Pulley Stack

Figure43ldler Pulley Subassembly CAD Model Exploded View

The idler bracket subassembily is the key to aligning the timing belts, detailed in the CAD drawing
in the AppendixThe 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 natlomts for an easy 9@ngle change
in the geometry of the timing belts, further keeping thethelithroughout the system.

Thecorner brackeis designed to be used in both front corners of the FCU quality control unit.
It is symmetric about the horizontal axigoviding a versatilelesignof a single component that can be
flipped upside down and mounted to either cornéealtures through holékat allowfor M5.0.8 screws
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to constrain the pullegtacksaligning them with thepulley heads on thstepper motor mounthat
allow for the belts to run through thegantry bracketsvithout interferencefull size CADdrawings
are available in the Appendix.

The idler bracket and-gantry brackeemploypulley stacks t@ccuratelyalign the offset timing
belt planesEach pulley stack subassembly, showifigure 44 below, includes timing belt pulley,
two nylon washers, three steel washexad an aluminum spacérhe 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 tining belt pulley (refer to Sectiob0.5.1,Core XY Movemeht

i |

Aluminum Spacer

Toothed Pulley

Nylon Washer
Steel Washer

Figure44 ToothedPulley Stack CAD Model ExplodedView

The pulleys are designed to have ade@ree directional change at each corner of the frame.

Given the predominately metal framing structure, lubrication is necetssangure the dynamic joints | commented [el12]: 2Dr. B

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 washeetween 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 ontrol unit.

50



The X-Gantry subassembghown inFigure45below,includesa custom mounting brackeight
M3x0.5 socket head screws, tpolley stack subassembliescustom guide rail mounting bracket, two
locking nuts, andwo M5x0.8 socket head screws

=Y

Figure45 X Gantry Subassembly CAD ModeldplodedView

This subassembly is designechtount thecenter 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 18&rdX-Y Movemenand 10.6.2Final
FCU Quality Control UnitCore XY 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 smoothpulleys serve to keep tension in the system thus allowindirthar actuator to move
smoothly from one padgon to the next.
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10.64 Proposed-CU Quality Control Unit Gantry
The final FCU quality control ungantry will include the XY carriage subassemdhg the linear
actuator subassembdown inFigure46 below.

Figure46 Gantry SubassembBgxploded View
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The XY carriage subassemblghown inFigure47 below, includesa custom mounting bracket,
theselected ball bearing carriaf6], andfour M3x0.5 steel screwf26].

o

Figure47 Center Carriage SubassemBlyploded View

The custom mounting bracket will be machined from a Sfigil-aluminum bar and is designed to
mount to the top of the selected ball beadagiageusing M3x0.5 steel screws. Additionally, the front
face of the bracket features four M3x0.5 tapped through holes for the linear actuator mounting bracket
andtwo slotson the front and back facésr theattachment of théming bels. Themachiningprocess
and CAD drawingfor the custom bracket is shown kigure 48 below. Full size CAD drawings are

shown in the Appendix.

M3 Clearnce
Holes Drilled

Raw Material
6061 Aluminum Bar Cut to 2"

(12" Long)

-5l

Timing Belt Slots 2.5mm Holes Drilled Debur Sharp Edges - 0.03”
i : ’ M3X0.5 T 3 ]
Milled (75% of major diameter) ap Chamfer

Figure48 XY Carriage Bracket Machining Process

Milled to 1/8” thick U-Bracket
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Thelinear actuator subassempshown inFigure49, includes &NEMA 17 linear actuatoarod
alignment couplera customaluminum rogda mounting bracket, and four M3x0.5 screiligse quality
control unit must beapable 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 10.3, Pedal and Auxiliary dome switches Actuajionhe required force for the dome
switches on both versions of the FCU is significantly less at 23N trergie 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 app&&ition

N

4

Figure49 Linear Actuator Subassemiixploded 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 fieth al i gnment coupler. The rodds end featur
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 surfaddne machining processr the custom bracket is shownhigure 50
below.Full size CAD drawings are shown in the Appendix.
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Raw Material Cut to 1" Drilled to 0.4”

8.32 ts
6061 Aluminum Disc »

Radius cutter on lathe

Figure50 Custom Aluminum Rod Machining Process

The floating joint is incorporated to account for the angle shift duringaiie of foot pedal
depressionA ball joint is amechanical fastener thiastconnected by ball and ahalf hemisphere like a
hip joint. A floating joint is afastener thatisesthe rotating capabilities of a ball joint brgstrictsthe
range of motiorof the jointto a specific number of degredspivot joint is amechanicafastener that
rotatesback and forth under a certain axisrofation most onlyhaveone degree ofreecom. The
floating joint wasselected because thall joint gavetoo muchrange of motioraround the joint hinge
and thepivot joint did not haveenoughrangeof motion in thenecessargegrees of freedom amgeded
to be manually locked into place

10.65 ProposedCU Quality Control Unit Machine Vision

The displayscreen'sunctiors (such agpoweringon and displaying the correct informatjamill be
read by the pi came(&igure51). 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.

Figure51 Pi Camera and Mour8ubassembly Exploded View
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Thevi si on sy sigdbacklibusingaiagright trat clamps around thens of the camera
[37]. This allows for even lightinthat comes from directly behind the camsoehe camera can see the

LCD on the FCU clearly

Commented [el13]: This section needs more info on
mounting, image processing, error detection, etc.

10.66 Proposed-CU Quality Control Unit Enclosure

The case for the Cod¢Y movement system iour acrylic wall panels surrouiy the outside
of the frame. The panels were fastened to the 8020 frames with alsased 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 ufithte back door of thimwer electronics portion of the franhas
a hinge with anagnetidatch foreasy access thanganput setting on the display screen or any other
electonic componentthatpertainto the system.

Figure52 FCU Quality Control Unit Enclosure CAD Model

The screemat anangle out front of the frame bodgelf allowsthe user teasilyinterface with
the entire system while overseeing fh@cesses being completed during operatidre display
screen waselectedo complementhe Raspberry Pi,thosen as the controlléar the FCU QCU
for its versatiledisplay ports, includingwo four-lane MIPI camera/display transceiverhese
external ports allowed for easy integration of RespberryPi display, eliminating the need for
additional drivergo enablauser input
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10.67 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, ialih 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 dnanalyzes 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 theJQ&h 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.

User_Interfa chDoc

Controller. SchDoc

otor_Control. SchDoc

User_Int <1

> User_Int

Linear_Actuator_Control <_|
XY_Motor_Control_Sigl <_|

> Linear_Actuator_Control

> XY_Motor_Control_Sigl

XY_Motor_Control_Sig? <_|

> XY_Motor_Control_Sig2

achine Vision SchDoc

CAN C ication SchDoc
Camera_Com ¢ > Camera_Com CAN Bus <_ > CAN Bus
Safety. SchDoc
E: , Shutoff [ P> _ Shutoff’
FCU_Detection [ [ FCU_Detection emory. SchDoc
Mem_COM | > Mem_COM
Door_Lock <t ] Door_Lock
Door_Detection [ I > Door_Detection

Figure53 Top-level HardwareArchitectureDesign

The software system architecture features a user interface (Ul), 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 availablequently used test
configurations are stored in embedded memory within each mode.

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

user input. Additional submodules support the Ul, 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 g®eeeshe 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 inFigure54. 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,aperator 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 wram 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 ddentinue 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
FCU6s on to tkekéeubeginning of the GUI&s flow chart.

. T ot
8

Figures4 SoftwareArchitectureFlowchart
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10.7 Design Changes

Throughout the development processodificationswere made tahe proposed design to
mitigate issuesduring the fabricationand building ofthe FCU Quality Control Unit. This section
outlinesthe key designchanges and reasoning behind them

10.7.1FrameChanges
The initial designequired arnncrease iroverallheight andnodificationsfor the angled display
screenThe frame heightvas raiseavith standoffs bythree inches to accommodaéth e | i near actuator és
lead screwto prevent collisions with thiei cameraluring testingAdditionally, thetwo 1515aluminum
extrusionsfor the base platevere swapped out for 1530 extrusioméis change allowedbr easier
installation ofthe acrylicpanelsinto theextrusionrails andenabledhe corner mounting brackdts be
movel inwards. The angled display scregesignwas abandoned to cut down on the manufacturing
time for the fronipanel All modifications were madwith no negativeimpacs on the functionality or
integration of other subsystems.

10.7.2 Base Plate

The base platsubassemblyas redesigned to reduce the number of components and streamline
the process of swapping base plates, improvingiettufacturing time and cost as wellease of use.
Additionally, the base pl at e0 slloftoemovpmentsystetavas shi fted back by 0.
positionthe actuatoover all necessargomponentsThree additionaphotoresistor holes weraade,
for a total of sixto enable more accurate detection between #furitition and duafunction FCUs.

10.7.3CoreXY Brackes

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 chafrged 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 comgmaoesubsystems.

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 potentigk&or thereby improving lortgrm
reliability and minimizing maintenance needs.

10.7.4Linear Actuator

The linear actuatoinitially purchasedvas noncaptive which needed to be convertedo a
captive actuator to allovtto retract fully before repositioning itself over the next relevant feafure.
primary difference between captive amoh-captivelinear actuatorss the constraints associated with
the lead screvfsee Sectin 8.6.2 Linear Actuatory. Captive linear actuateiprevent the lead screw
from rotating with respect to the motor bodypically using a internalspline mechanisnThis design
approach was not feasibleiagffectively doubles the overall length of thetuatorand the frame had
alreadybeen constructed
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To convert the initially purchased actuator without modifying the existing fraaneustom
captive mounting mechanism was desigi&stening features were added to the linetratobracket
to support linear ball bearing which housedigh-precision steel guide stigarallel to the lead screw
The end of the lead screw astkel shaft were fixed to a custom captive mount, constraining the
rotational motion between the lead screw and motor bidugdesign allows for the actuatorftmction
in a capive mannemhile preserving the original desi@wvertical space constraints.

10.75 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
developmengrade electronics. Concealing sensitive etggts and wiring became a top priority to
enhance robustness and ensure readiness for production environnset®s of custorsut black
acrylic panels were installed around the base of the existing frame, enclosing and protecting the internal
componets. A critical feature of the electrical box is its ability to suppors#Rsitive photoresistors.
These arelpced in custoncustomdesigned 3D printed mount #tat light reaches them only through
designated holes in the base plate above

A major design change involved the orientation offtioat panel for the touchscreen display
Initially, it protruded from the front face of the main unit at adégree angleo that thelisplay screen
is atan optimal viewing anglfor the userln 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 procesghile maintaining usability.

10.76 QCU Enclosuré*anels

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 manufagtugfficiency and simplified the
construction procesadditionally, the plastic panelsitially served a dual purpostiey formedpart
of the enclosurandacted as physical reference guides during assembly. Fitting the panels directly into
the 8020 slts 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 installatidrsupports the overall goal of making
the QCUproductionline ready.

10.77 Motor Controllef

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) apéindependently controlling
three motors.

The updated PCBA includes a-pih header for motor control, dedicated pin headers for power
inputs, and 4in headers for motors, the linear actuator, and current sensing outputs. It also features
integrated mounting points for streamlined installation.
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Key enhancements include the implementation of inline current seffisingvercurrent
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 repl ac
50kY precision pot erentrégolatientaccuragy. t o i mprove cu

10.78 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 twotaral 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 givetintited number of available
GPIO pins for monitoring multiple sensors. To address these issues, the system has been upgraded by
replacing the SN74LS151Nt8-1 digital multiplexer with a HiLetgo ADS1115 4t, 4-channel ADC
module featuring a programmakdain amplifier (PGA) and 12C 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 siregihgtor
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 sgiard against current overdrive.

10.79 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 treeoverlay on the Raspberry Pi 5 operating system necessitated a change. The solution was
found in an offthe-shelf RS485 CAN HAT from Waveshare, which utilizes the MCP2515 CAN chip
alongside the SN65HVD230 CAN transceiver. This alternative provided seantéggation and, once
the appropriate software configurations were applied, functioned reliably out of the box.

10.710 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 textbased logging, the reliance on an externaiey 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.

10.711 QCU Software
The devel opment of the QCUb6s sofTheveectecalf ol | owed a fully iter
subsystemwas designed byvriting its firmware in Rust on ESP32 modules, using the terminal to
monitor outputs in real time. Once every subsystem was verified in isoltt@focusshiftedto full-
system integration.

To combine Pythonb6s ease of use with Rustdéds performance and
utilized. This approach enabled the implementation of core logic and perforeréiaa routines in
Rust, which were then exposed as native Python modules. As lg theuGUI and higHevel
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 mpel@msing thetkbootstraplibrary,

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 iretbhared virtual environment, the vision
code was compiled into a standalone executable to maintain seamless integration with the rest of the
software stack.

Together, thesealecisionsmodular development, PyG8nabled Python/Rust integration, a
polished GUI, and a setfontained vision executabf®t only boosted performance and reliability but
also led to a user experience thatods both cohesive and easy to c

10.8 Final Design

The final design of the Quality Control Uiricorporates altlesign solutionthatwere developed
during the manufacturingndassembyl. This sectioroutlineseachcompletesubsystermand explains
how theywork together toform a fully functionalendof-line test fixture ready for deployment in
manufacturing environments.

10.8.1 FinalQCU Design
The FCU Quality Control Unit (QCU) is designed beintegraed at the end of the production
line, enabling efficient and reliable testingtbhé Foot Control Units (FCUd)efore product distribution
It is intended tdbe incorporatednto Me d t r ananufacfusng process by following the design and
assemblyinstructionsprovided It accommodates both dufalnction and multifunction FCU variants,
ensuring broad device compatibility. Automated actuation allows the system to precisely depress the
pedal andhll auxiliary dome switches. During operation, the QCU monitors CAN bus signals from the
pedal and switches to verify electrical functionalitydditionally, ar integrated machine vision system
validates the performance of the FCUbs LCD screen. To further en
fully enclosed, preventing accidental contact with moving components.
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Figure55 FCU Quality Control Unit CAD Model
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10.82 QCU Frame

Figure56 CAD model of QCU Frame

The main function of the QCU frame is to servetlasstructural foundation and mounting
interface for key subsystemcting as a mounting plader the movement systehracketspase 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 operationdrations.

An enumerated parts list for the frame can be found below. Refer to the engineering drawing in
Figure57 for additional assembly details.

The followingparts vereordered:

0 1515 extrusions at 1.5
0 1530 extrusions at 1.5
U Concealed corner bracketdth set screws 25

o O

The following parts were found in the Medtronic machine shop:
U Rubber feet & %20 screws x 4
The following parts wergivento the team by the sponsor:
U 3D printed end caps for the 80/20s x 4
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4 | 3 2 1

INDEX| OTY | PART NUMBER DESCRIPTION
D 1 4 9995192 9995192_5¢ I {-adjusting. leveling. osm D
1 €0001270134 FCU OCU FRAME, T-SLOTTED, 1 1/2 X 1X12, 15 INCHES, MMC 8470651942
2 €0001270135 FCU OCU FRAME, T-SLOTTED, 1 1/2 X 3, 15 INCHES, MMC $47065765¢
13 0001270135 FCU OCU FRAME, T-SLOTTED, 1 1/2 X 3, 18 INCHES, MMC $47065765¢
25 0001292106 FCU OCU CORNER CONCEALED BRACKET
I 2 €0001292149 FCU OCU END CAP C
C C
A Medtronic | ,
FCU OCU_FRAME
0001292086

Figure57 Engineering Drawing of QCU Frame

Table13, shownbelow, presentshe overall production scheduiar the QCU frame It includes
themachining or cuttingime for each partalong withthe correspondingtart and endates

Tablel3. QCU Frame Production Schedule

Minor Estimated A
Component Task Type Time Start Date | Actual Time | Completion
Date
1530 Aluminum
Extrusions Cutting 5 minutes | 12/20/2024| 5 minutes | 12/20/2024
(base plate)
Machining | 30 minutes| 12/20/2024| 20 minutes | 12/20/2024
1530 Aluminum
Extrusions Cutting 5 minutes | 1/13/2025 5 minutes 1/13/2025
(front/back
Machining | 30 minutes| 1/13/2025 | 20 minutes | 1/13/2025
1515 A'“!“””m Cutting 2 hours 12/17/2024 1 hour 12/17/2024
Extrusions
Frame Assembly] Assembly 4 hours 1/6/2025 3 hours 1/6/2025
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Figure58 Base Plate CAD Model

The base plateservesto secure bothduatfunction and multi-function FCU models while
incorporaing a version detection method identify which is currently inside the QCU. This
identification is achieved using six photoresistors embedded in holes within the baqeefdate
Figure58). The photoresistors detect which FCU is present by measuring light expdseicovered
sensors exhibit low resistance, while exposed sensors show high resistance. Since the two FCU
versions differ in size (muHunction shown in recand duatunction in blue), their placement
naturally covers different combinations of sensors, allowing the system to distinguish between them.
The base plate fsirtherdesigned to slide into the QCU frame from the rear using a tesmgigroove
mechanismincludingtwo 3D-printed railsattached to the 1530 extrusio$is setup enables easy
insertion and removal of the base plate.

The following stock material wgsurchasedor thebase plate:

3D printer filamen{white)
Photoresistors 6

Y4 20 Screws

Y, 20self-aligning tslot nuts

ot et et et

The following materials were donatédm Medtronic:

U MoistureresistatHDPEshee2 40 x 24060 x 1| 0o
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NOTES
= ESSENTIAL DESIGN OQUTPUT
D O INSPECTION REQUIRED

1) MATERIAL: -

INDEX] OTY | PART NUMBER |

DESCRIPTION |

0001282904 | FCU 0CU BASE PLATE

[1npEX] 01
[T ]
[z ]2

[2]

0001293812 | FCU OCU BASEPLATE SLIDES

Figure59 Baseplate CAD Drawing

Table 14, shown below, presents the overall production schedule for the 6gGeblate It
includes the machining time, along with the corresponding start and end dates.

Table14 Base Plate Manufacturing Process Schedule

Minor Component Task Estimated Start Actual Actual
P Type Time Date Time | Completion Date
Base Plate Footprint 3D
Design 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 3/12/25 .45 3/12/25
minutes minutes
Base Plate Assembly | 10 31425 | 25 3/14/25
Subassembly minutes minutes
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10.83 QCU Core XY Movement System

Figure60 Movement System CAD Model

The QCU6s movement

motors mounted in the rear corners. These motors work in tandem to move ¢éngaetny within the

XYy cortfigumation) poivdred byetwo NEMACIG r e

XY -plane, allowing precise positioning over all buttons and thepfedal The gantry moves in the-

direction along linear rails supported by two mounts, which themselves traveNaidingction linear

rails. TheseY-Gantrymounts also ensure that the drive belts remain parallel to the linear rails and are
anchored at twopposing 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 atohifigevia

slotted screw mounts. Together, these components enable smdatbcanate motion throughout the

testing process.

The following stock matrialsand partavere orderedor themovement system

HTD Timing Belt(6mm)x 2

Aluminum set screw pulley x 2
Aluminumtoothed pulley 6

Aluminum smooth pulley x 2

Aluminum unthreaded spacers

NEMA 17 stepper motor x 2

Linear guide railx 3

Linear guide rail mountfor T-slotframex 2
Ball bearing carriage for linear rails x 3

i

[t}

6063 Aluminum rectangular tube ¢ wall
thickness

6061 Aluminum rectangular tube3 / 1 6 0
thickness

6061 Aluminumsheetl / thiok

Copper buckle belt clamp4

Assortment of screws andashers(see bill of
materials)
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NOTES TNDEX] O
© ESSENTIAL DESIGH OUTPUT
D () = INSPECTION REOUIRED

Y| PART _NUMBER DESCRIPTION

6109K1 14 BALL BEARING CARRIAGE

Sromss 15" GoloE malL D
0001217420 [FCU GCU XY-CARRIAGE BRACKET
0001281213 | FCU GCU_LOWER PLANE MOTOR MOUNT
0001281728 | FCU GCU LINEAR ACTUATOR SUBASSEMBLY
0001283036 | FCU GCU UPPER PLANE MOTOR MOUNT
0001288015 | FCU GCU TDLER PULLEY —
0001289070 | FCU GCU RS v-GANTAY SUBASSENBLY
0001289089 | FCU GCU LS Y-GANTRY SUBASSEMBLY
0001289126 | 11° GUIDE RAIL
0001292392 | FCU GCU_UPPER PLANE TIMING BELTS
0001292401 | FCU GCU LOWER PLANE TIMING BELT
C0001292404 | (0001292404 pr 1 c

1) MATERIAL: -

SCALE 29:64

4 [ 3 | 2 | T
Figure61 XY Movement System CAD Drawing

Table 15, shown below, outlinethe manufacturing timelinéor the movemensgystem It details the
machining and assembly of theounts installation of thdinear rails,andsizingof the timing belts.

Table15Movement System Production Schedule

. Estimated Actual Actual
Minor Component Task Type Time Start Date Time Completion Date
Guide rail (X Gantry) Cutting 1 hours 1/24/2025 1 hour 1/24/2025
Milling 1lhour 1/30/2025 1.5 hours 1/30/2025
Y Gantry Bracket Machining 1 hour 2/3/2025 3 hours 2/32025
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 2/102025 3 hours 2/102025
XY Carriage . 55
Subassembly Assembly 10 minutes 2/122025 minutes 2/12P2025
Idler Pulley Bracket Machining 1 hour 2/122025 2.5 hours 2/12/2025
Idler Pulley Bracket Assembly 10 minutes 2/122025 .30 2/12P2025
Subassembly minutes
Stepper Motor Mount |y hining 2 hours 3117205 | 4 hours 31172025
(Upper Plane)
Stepper Motor Mount |y hining 2 hours 318RW5 | 4 hours 3/182025
(Lower Plane)
Stepper Motor Mount . .
Top Plate Machining 45 minutes 3/182025 1.5 hours 3/182025




10.84 QCU Linear Actuator

The linear actuatan the FCU Quality Control Unit is responsible for depressirggpedal and
all dome switches during the endtline test shown inFigure62 below. Thenon-captive lead screw
stylelinear actuatqrfeaturinga NEMA 17 motor bodyis mountedo thecustomactuator brackef his
bracketsecureshe motor bodyandlinear ball bearingvhile allowing the entire subassembly fasten
to the center gantry of the XY movement systéine linear ball bearingdes along thaigh-precision
steel guide stg which isfixed to the captive mountith a 6-32 steel socket head screw. Thed of
lead screwThisdesignallows forsmoothverticalmotion of the atuator endnotionwhile preventing
the lead screw from rotating with respect to the motor bBéyure 62 displays the lineaacutator
subassemblZAD drawing,full size CAD drawings are shown in the Appendix.

Figure62 Final LinearActuatorSubassembly CAD Model



[ onti entB et B et AN et A et A et

4 | 3 2 1
NOTES [l TY | PART NUMBER RIPTION
(D = INSPECTION REQUIRED 2 1 45200118 452001 18.r ¢ody ‘mount .bear ing.he.pr i
T WAL, - || st et emsiorsronrort
B
—
SCALE 1:2 Medtronic |
®) e smste
1
4 \ 3 |
The following raw materials and parts were ordered to cotivernion-captivelinear actuatoto
acaptiveactuator

NEMA 17, whichhas& . 6 0 t r av @l t h etavwgl@ibtdn@ pear step
Rod alignment coupler

Linear ball bearing

Rotary shaf(1566 Carbon steel Omm diameter)

Brassscrewinserts8-32 thread size installed length

PLA filament(orange)

6061 Aluminumd0 degree agle, 1/ 80 wal 120t ki Qlbness
6061 Auminum1-1 / 2 81 /x2 ol

Table16, shown below, outlinethe manufacturingrocessaandschedulédor thelinear actuator
subassemblyit details the machining and assembly of the mowattsiator and timingbelt sizing

Tablel16 Gantry Manufacturing Process Schedule

. Actual
Minor Component Task Type Est|mated Start Date Agtual Completion
Time Time Date

Linear Actuator Bracket Machining 1 hour 2/242025 | 1.5 hours| 2/24/2025

Captive Actuator Bracket Machining | 45 minutes| 3/17/2025 2 hours 3/17/2025

22

Button Interface 3D Printing | 30 minutes| 2/6/2025 . 2/6/2025
minutes
Linear Actuator Subassembly Assembly | 10 minutes| 3/192025 miﬁﬁtes 3/19/2025




10.85 QCU Vision System
The machine vision system plays a critical role in verifying
screen by confirming the appearance of specific icons during tedtimenthe code ialled, the icon
that is being searched for with the camera is passed as an argeimstnthe 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 searaiedettoaptured
image and gradeshe accuracy ineverysingle 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 r et ufthe scordifdls belew. the thieshold, thetestiedhii and t he code returns AFal se. o
The CAD drawingfor the vision system is provided kigure63.

Figure63 Machine Vision CAD Model

The following parts were ordered for the machine vision system:

i
Q
i
i
i
p

Custom camera mount

RaspbernpPi DSI Cable’ SC1131

Raspberry PCSI/DSICable Extender 3671

Raspberry PCamera Cable 2m Lorig2144

Raspberry Pi High Quality Camevdith C/CS Mounti SC0818
Raspberry PL6mm C Mount Camera LefisSQ0123
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D DN TIAL pEsion outuT N V1326 [5156m26 1 slellsd froming. 1 pr D

2 2 5158N26 5158026 t-slotted framing. faste. pri

1) MATERIAL: 6061 ALUMINUM 3 a $1290A111 912900111 _alloy_steel _socket he.prit
4 a4 934754210 934750210.18-8_stoinless_steel_.pri
5 4 936550091 936550091 _mole-female_threaded_.prt
3 1 C0001293796 FCU OCU CAMERA MOUNT

-/ 1 1 C0001293849 «0001293849 prt

C ¢
B B
A Medtronic | ,

é’—‘( : ) IR G N

4 | 3 |

FCU OCU P1 CAMERA
T T W

T

Figure64 Machine Vision System CAD Drawing

Table 77, shown below, outlines theanufacturing and assemlgighedule for thenachine vision

system.
Tablel17 Vision system production schedule
) Actual
Minor Component Task Type Es_tljmated Start Date Aqtual Completion
ime Time
Date
Algorithm Development | Programming 30 Hours | 11/012024 | 20 Hours| 12/15/2024
CustomCameraMount | 3D Printing | 2> | 020012025 | .22 | 028r025
Minutes Minutes
Mounting Assembly Assembly | 5Minutes | 03242025 Miﬁgtes 04/042025
Algorithm Training Programming| 8 Hours | 03/30/2025| 7 Hours | 03/30/2025
Software Integration Programming 3 Hours | 03/312025 | 10 Hours| 04/07/2025




10.86 QCU Enclosure

Figure65 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, shownFigure65, serves as the main point of accemssthe 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 swingeopandclose These hinges are secured to the frame using
two ¥+-20 selfaligning T-nuts. The back door features a magnetic latch asseatiblying for ease of

access tthe PCBAs, photoresistor diodes, motontollers, 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.



As discussed in(Section 10.7.7 QCU EnclosurePaneld, the updatedenclosuredesign
significantly improvedmanufacturing andassembly efficiency. The previous design introduced
unnecessary complexity due to the use of independent subassemblies, whiclonstdetionrmore
difficult and timeconsuming.

Thefollowing stockpartswereorderedfor the QCUenclosure

U Over 1000 square inche$Clear Cast Acrylic Sheet, 12" x 12" x 1/4"
U 573 square inches 8lack Easyto-Form PVC/Acrylic 12" x 12" x 1/8"
U 8 i B0 size selaligning T-Nuts

The partdisted telowweref ound i n Medtranicbébs Machine shop

U 4 MetalDetectable Hinge with Holes@/16" High x 9/16" Wide Door Leaf
U 4 Staic-Control UrthreadedHole Pull Handle

The following materials were donated from Medtronic:

200 inches 08020framing gaskets
15/ B X8 screw and locknut

26 assorted O 20screws

4 M3 & M4 screws

9 various6-32 screws

C:
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INDEX| OTY PART NUMBER DESCRIPTION
R 1 1 1853N3 185303 emergency slop_ent ls5ed_prt
2 12 5158M26 5158026 _1-slolied_froming 1. prt
4 515826 51580261 -3lolted.froming.faste.osm
1 6260M171 62600171 _emi _filtering_iec_conn.osm
1 0001292086 FCU OCU FRAME
1 0001292425 FCU OCU FRONT DOOR
4 €0001292430 0001292430 pr i
4 C0001292430 0001292430 prt _INSTY
2 00012924176 FCU OCU SIDE PANELS
2 €0001292653 FCU OCU BOTTOM PANELS
1 €0001292815 FCU OCU BACK PANEL
1 €0001292838 FCu OCU BACK DOOR
1 C0001293439 FCU OCU FRONT PANEL
4 €0001293594 FCU OCU TOP MOUNTS
2 0001293731 FCU OCU TOP SIDE PANELS
2 0001293735 «0001293735.pr t
1 €0001293731 0001293737 prt
1 €0001293745 0001293745 pr t
1 €0001293850 FCU OCU PI CAMERA
1 €0001293913 FCU OCU BASE PLATE
Medtronic
Q
-
SCALE 9:64 FCU ocu
T .
0001292229 1
4 \ 3 | 2 | 1

Figure66 FCU QCU Enclosure CAD Drawing

Table B, shown below, outlines thmanufacturing and assemtsghedule for thenclosure

Table18 QCU Enclosure Production Schedule

Minor Estimated (GEL
Component Task Type Time Start Date | Actual Time Cons[;lteetlon

Clearacrylic 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




10.87|QCU ElectricalSchenatics
The final electrical hardware design consists of eight subsysstragn in Figuré7: ACi DC

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 Raspberfyrigtions as a DC power supply,

subsystem and

deliver

ing 5 V

to

the User

Vision, and CAN Communication subsystems.
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Figure67 Final TopLevel Electrical Schematic
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The AQ DC system features andfop connected in series with the live wire of the AC plug, so
that triggering the EBtop immediately cuts AC power and shuts the systensiaffwn inFigure68. It
supplies:

also employs three A C DI N r ai | power
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Figure68 AC-DC Subsystem Schematic

The Safety subsystem includes door limittstvés 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
propety aligned shown inFigure 69.
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Figure69 SafetySubsystem Schematic



The Motor Control subsystenstown 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
regulatemotor speed. It also interfaces with the MO and M1 pins for the linear actuator, enabling

mi crostepping for increased accuracy when depressing
Motor_Control UNF_V2
ul
VCC .{ ENABLE_ACT
nSLEFP ACT '—5 nSLEEP ACT 21
DIR_Al N DIE_ACT V_ACT BoAREEE 24V_EUP
= MOX GND
STEP_ACT S STEP_ACT 23
= ML V_HY 2:‘4 12V _SUP
ST < E ] s it s T
MD ACT ,—3 M0 ACT Vi F—— T e
Fpm s - ‘3 f 2
DEX ,— DRX
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Figure71 Motor ControllerSchematic
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The ADC subsystemstown in Figure 72utilizes three ADS1115 1bit, 4-channel ADC
modules, each featuring a programmable gain amplifier (PGA) and I12C breakout board. This subsystem
takes measurements from the photoresistor array, obtains current readings from the motor controller,
and monites the door and zenposition limit switches. By employing ADCs with I12C 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 dowlitude. 12C channel three of the

Raspberry Pi is dedicated to this subsystem.

iZc Pull-Up Resiztiors

ADC Modules

r, i2c-3 SCT.

v i2c-3 SDA

The User Interfaceshown in Figure 73, s

= Dc3 SDA 4
@D p 7] A
VCEl——5 ADDR
#= ALERTRDY

Photo F-1 | T 4D
Thoto K2 - 5 ADL
Photo_R3 o AD92
Photo F-d , ADT3

Figure72 ADC Subsystem Schematic
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Figure73 User Interfac&Subsystem Schematic

The Machine Vision subsysteshown in Fgure 74 utilizes the Raspberry Pi HQ Camera, which

communi cates with the Raspberry Pi 5 through a CSI cable that su
barry Pi Camera
uz
O L e

SC1220

Figure74 Machine VisionSubsystem Schematic

The CAN Communication subsystershown in Figure 75uses the RS485 CAN HAT from
Waveshare, which is connected directlyRaspberryPi 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 car
and low signals.

CAN Conmmmication and FCU Cable

w3 CANH

vCC
QLT
=
_I_—: GND  CANL
« SPI0_SCK = SCK B |

Blzi=

#;m#:

Figure75 CAN CommunicatiorSubsystem Schematic
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The stock parts ordered for the QE@léctrical systermvere as follows:

RaspbernPi 7-inch ibuchscreendisplay

DSI Cable

AC-DC 5 V 25 Wpowersupply

AC-DC 12 V 78 Wpowersupply

AC-DC 24 V 60 Wpowersupply

Motor control PCBA

Raspberry P5§C0818 HQ Camera C/CS Mount
Raspberry P6C0123- 16 mm Lens

Raspberry PCameraCable2M

DSI cable extender fdRaspberry Pi

Precision Isolated Current Sensor

100KY Trimmer Resistof.25W J LEAD TOP
Vertical 20 Position 2.54mm Pitch Connectidaader
20 PositionConnectiorReceptacle

4 Position2 mm PitchVertical Connection Header

4 Position 0.07®itch Gold Plate€Connection Receptacle
2 Position 2.54 mm Vertic&onnection Header

2 Position 2.54 mm Pitch Connection Receptacle
Red SMD LED

AC Power Entry ConnectioReceptacle
RS485Raspberry Pi CAN Hat

ADS11154 Channel I12C IIC Analogo-Digital ADC PGA Converter

cooocoocoooaoaoaoaoooooooo o o o ccc oo C

The parts |listed bel &idlabwer e found in Medtronicds

=

Assortment of wire from 18 28-gauge wire
Assortment of various SMD resistors
Assortment of various SMD capacitors
Proto boards

Heat shrink

Wire sheathing

Solder

Flux

 onti et B et A et et A et et B et

Table B, shown below, outlines the manufacturing and assembly schedule &edttiécal hardware

14



Tablel9 Electrical Hardware Production Schedule

. . Actual
willue) Task Type Estlmated Start Date | Actual Time | Completion
Component Time Date
PCBAs Soldering | 1.5 hours 1/7/12025 2 hours 1/8/2025
Stepper motor Soldering
pc%ble and 10 minutes | 1/142025 15 minutes | 1/142025
Assembly
. | Soldering
Raspberry Pi | ™ ond 3hours | 3/152025 | 4hours | 3/162025
Cable
Assembly

Sleeved cables| Assembly | 30 minutes| 3/162025 30 minutes | 3/162025

Soldering

and 1.5 hours | 3/22/2025 4.5 hours 3/22/2025
Assembly
Soldering
CAN bus cable and 15 minutes | 3/23/2025 | 30 minutes | 3/23/2025
Assembly
Soldering
Photoresistors and 15 minutes | 3/24/2025 | 20 minutes | 3/24/2025
Assembly

Protoboard ADC
module

Wire-to-board

. Assembly 1 hour 3/24/2025 1 hours 3/24/2025
connections

10.8.8 QCU Final Software Design
To ensure esry component of the QCU operated correctly, a dedicated tesabldeveloped
separate from the matovuslidateandoptimizeeachsubsystegn iniisolatienr f a c e

Thi s fiproof of fiuinncvtadkoen 0i ndnitweirduaacle Ruwest Huscked routines, monito
messages, and confirm motor outputs without the distraction of
production GUI underwent minimal changee final design discussion will focus on this specialized
testUl only.

In the QCUbs software architecture, al | performance critical
to Python as native extension modules via PyO3, forming a cl ean
|l ogic and | owommenicaidnand dateadquisitiore Rust functions exposed through

PyO3 hold Pythonds GI ob al,whichwoeld jockethes Pythdanohoe&ds ( GI L) by def aul t

Py O036s bui |l suppomwap useddsmporilyirelease the GIL aroutdhec o mput e bound

\routine# Oncethe GIL is surrendered, multiple worker threads spawnedone for orchestrating

user selected t e shustaffiopanaherffor driving mataa auipuisgandaAiddicated

fifdoor monitoro thread that watches whether the enclosure is openrn

15



Managing the door monit or Atmeahaniandwas first requickd ced t wo chall enges.
to interrupt otherwise synchronous Rust code upon door opesfiogn in Figure 76second, in one
specialcasevh en runni ng ttheedooe mudt beoopendd (sothe opeeawrtcan unplug the
FCU, which startsts Bluetooth advertisingince CAN communication &s los} without pausing the
test logic.Both challenges were addressed using global atomic Baoleat he frontend toggles a fAdoor
openo fl ag, whi ch t he Ralkitseeb the doar s dper, it pacdesanyper i odi cal | y
ongoing tegtuntil the door closes again. For #medof-linetess cenar i o, a separate Aunplug requested:
atomic flag is setight before the Bluetooth test begitise door monitor thread sees this and allows the
unplug action (and associated Bluetooth sequence) to proceedruptge before resuming normal
safety pause behavior.

Python Frontend

h
———>
»>
—>*
A
Rust Backend
- -

h

Global States

hd

Figure76 Final Software Architecture
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108.9 FailureModes and Effecténalysis

In dynamic electranechanical systems, failures are inevitable and often anticipated. A
systenatic failuremodes and effects (FMEAJrocess 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 indRis.ZThis failure is
likely caused by longerm fatigue stress and cyclic loadiogv er t he rail 6s operational I ife, l eadi
micro-deflectiors. The stainlessteel material of the rail may transition from its elastic regidrere it
can return to its original shapiato its plastic region, where deformation becomes permanent. This
failure would result in inaccuracies in testing or operation due to shifts in-gxésZero position,
affecting systems like pedal depression or actuation travel that depend on pregisarivement.
Further failure modes and their causes are detail@dble20.

Table20 XY Gantry Center Guide R&HMEA

POTENTIAL FAILURE MODES &
ITEM / FUNCTION EFFECTS MITIGATIONS

Causes/Mechanisn
Iltem Function Failure Mode of Failure Mitigations

[Describewhat has been dong
or needs to be done to avoid
this. FEA, Tol stack, testing,
etc.]

Precisely position the
linear actuator over

Core X-Y each button and the
Movement pedal
System

Positions the linear
Guide Rail actuator over the
and Pulley required componentg
System

allows for movement

of the linear actuator, IrEERaEiE SEng iy

Specified material| Demonstrate robustnes
support the force fron

Guide Rall subassembly to all linear actuator has insufficient | of design through FEA

and Pulley | Center possible X coordinatg . strength Confirm through testing
; . . bending

System Guide Rail locations

Bracket size an

geometry does not

provide enough
strength

Demonstrate robustnes
of design through FEA,
Confirm through testing
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Permanent deflectior|
or displacement of
guide rail in Z
coordinate direction

cyclic loading

Demonstrate robustnes
of design through FEA,
Confirm through testing

Manufacturing
imperfections

Demonstrate robustnes
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 1Qife6Cycle
Calculationg. 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 wilairemlastic, allowing it to return tits

original stress state after each cyclic load.

The primary failure mode for the linear actuator bracket, which setheectuator assembly to
the XY movement system, is insufficient strength to support the actuator over time. Stress
concentrations at the critical @l&gree angle geometry of the bracket may lead to fatigue failure under
continued loading. Over time, thekigh stress areasill cause the bracket to deform, increasing the
angle beyond 90 degrees, effectively moving the linear actuator closer to the FCU iraxie Z
direction. This defamation would compromise testing and operational accuracy, as-abes Zero
position critical for actuation precision (see Section 10.2.1, FCU Quality Control Calibration)d

shift, resulting in inaccuracies during testing. Additional failure modes, their causes, and mitigation
strategies are detailéa Table21.

Table21 Linear Actuator Bracket FMEA

ITEM / FUNCTION

POTENTIAL FAILURE MODES &
EFFECTS

MITIGATIONS

Item

Function

Failure Mode

Causes/Mechanismg

of Failure

Mitigations

[Describewhat has been
done or needs to be done
to avoid this. FEA, Tol
stack, testing, etc.]

Precisely position the

Core X-Y linear actuator over
Movement each button and the|
System pedal

Linear Compressuxiliary
Actuator

Subassembly

buttons and pedal

18



Supports linear

Inadequate strength t

Specified material ha

Demonstrate
robustness of desigr]

Linear Linear e ——— support the linear insufficient strength through FEA.

Actuator actuator actuator Confirm through

Subassembly bracket testing.
Demonstrate

Bracket size an
geometry does not
provide enough

strength

robustness of desig
through FEA.
Confirm through
testing.

Controls position ang
alignment of linear
actuator

Linear actuator is
misaligned

Incorrect
dimensioning and
tolerance assigned

Demonstrate
positional control
through tolerance
stack up analysis

Controls position ang
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 fahe Base Platewhich structurallyholds both models of the FCU,
the crucial failuremode is theHDPE stockhaving inadequate strengtto support the FCU®During
operation and theontinueduse of the base platthe fatigue stres®n the critical stress locationill
cause it to plastically deform and negativaffectthe properuse of the DPE base plat&his will lead
to inaccuracyin operationbecause it will negativelgffect the testingccuracyof specific design test
that are depndent on theroper performance of the HDPE base plate.dther causes, mitigation, and
failure modes arehown belowin Table22.

To assess the behavior of thase platean FEAwas conducted to determine whether it would
fail under the applied load from the actuafefer to Section 10.5, Finite Element Analys)js The
results indicate that, based on the defiredIthebase plate should not see any permanent deformation
with a minimum safety factor over 15.

Table22 Base Plat&MEA

ITEM / FUNCTION

POTENTIAL FAILURE MODES &
EFFECTS

MITIGATIONS

Item

Function

Failure Mode

Causes/Mechanismg
of Failure

Mitigations

[Describewhat has been
done or needs to be done
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

Securinghe FCUs
and supporting the
FCU while testing

Inadequate strength t
support the FCUs

Specified material hay
insufficientstrength

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 fo
physical version
detection.

The photoresistors d¢
not properly align

Incorrect

dimensioning and
tolerance assigned

Demonstrate adequa
fitment through
tolerance stack up
analysis

A main failure mode for th&@CU limit switches, whichinterface with variousnechanical
systemghroughouthe fixture to safeguarfdom any hazardous operatias,a failure tariggerfrom an
electricalmalfunction shown in Table 23. This could be causday ashort circuit in the electricatiring
of thelimit switch orby it being wired improperlyThis 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 couldapetye a s
risk to operators or cause damage to other subsystems.

Table23 Limit Switch FMEA

POTENTIAL FAILURE MODES &

ITEM / FUNCTION EFFECTS MITIGATIONS
Causes/Mechanism
Item Function Failure Mode of Failure Mitigations
[Describewhat has been
done or needs to be done to
avoid this. FEA, Tol stack,
testing, etc.]
Ensure user safety by
enclosing all moving
parts
Enclosure
Verify that the front
door is securely close
for safe operation ang Faills to trigger due tg Ensure COM and NO
confirm that the XY electrical fault Short circuit pin are both supplied
movement system is 3.3V
Front Limit properly zeroed befor
Door Switches and after testing.
Turn QCU on and use
voltmeter to check
Wired improperly | nominal voltages at all
three pins and compar|
with expected
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Front door closed

Break 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 framewalikided into four categories: Ewud-
Line Test, FCU Quality Control, Software, and Accuracy. Throughout testing,-futhetibn FCU was
used unless a particular test required the rfuttction FCU. It is important to note that while the test
system iscapable of reporting failures when a bad FCU is used, only tests with pE&ilsgesults
are presented here to demonstrate proper functionality.

Eachof the following sectionincludes aable summarizing the results for a specific category
In each tablethecolumns represetdividual testswithin thatcategory while the ows correspond to
the 22 separateials conductedA greencell marked withafi limdicatesasuccessful tespéss, ared
cellmarked witha Odfindicates dailed test and an empty cedlignifies that théestwasnot performed
for that trial

11.1Endof-Line Test
The Endof-Line Test encompassedatteryof tests includingFCU version verification, pedal

functionality, dome switch functionality, connection mode verifi
reporting, and overall test duratisee Table2Ver si on veri fication cross referenced the phy
version with the CAN bus report, p as svenfigdbyonl y on an exact match.

monitori ng Ctiibughoutke ful 10t4Jmmtasge of motionconfirming that the output
valuesalight with expectationg) atno depressioand255 atfull depression. Dome switch tests verified

that each button press produced the correct CAN bus signal, and
wired and wireless operation. Display verifioat ensured that LCD indicators for dynamic identifier,

mode, and battery |ife matched the CAN bus data. Remarkably, evel
inan averageof 2 minutese | | under the IldeHRgureWwte requirement
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Table24 end of line testing data

Testing #

Test

Version
Verification

Pedal
Functionalty

Dome
Switch
Functionality

FCU
Connection
Mode
Functionality

Display
Functionality

Test
Duration

Fcu
Battery
Life
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Test duration comparison
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Figure77 Test duration comparison between FCUs

11.2FCU Quality Control
The FCU Quiality 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 Bdg\ each &rnate value from 0 to 255

was observed, demonstrating the required 68 resolution across the full 10.41m travel, and

auxiliary dome switch activations produced matching CAN bus sign
force measurements usingadibrated gauge established that the pedal withstood at lelist 50 &9) 2

and each dome switch at least3while the fixturecould applyan average force of 133.5lbs,

comfortably exceeding the pasg thresholds.

Connection mode and version detection were evaluated by first

in its absence, the system successfully established a Bluetooth link by detecting FCU advertising. Over

22 trials, the fixture reliably held and identified bottedu f uncti on and multi function FCUs. The |
Software Version Verification test then read the firmware version via CAN bus, passing only when the

detected version matched the expected value. Di splay Verificati
dynamic idenfi i er , connection mode, and mode status against the CAN bu
accuracy. Finally, programming functionality remains untested, as it depends on a Medtronic software

tool that currently contains unresolved bugat the results of this test, see Talte 2
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Table25 Results from FCU QCU Qlity control tests

FCU
Output Force of | Actuation | Actuation FCcu . Model Physical Software FCU. FCU FCcu Cross

P . Connecti | Accomm N . Dynamic Battery S
Monitoring | Actuation Travel Accuracy N Detection Version i Mode Verification
on Mode | -odation Verification Identifier Charge

Test

Test
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%) 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% 102)0 100% | 100%
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11.3 Software

Software testing focused on the touchscreen user interface an
input on the 7 inch display was <confirmed to register accur at
transitioned the system fromutnlte i bomeandcmadn i i htoctbiootnh the d

End of dcieen®n eveey sittempsee Table@

Table26 Results from software testing

Test Touch Mode
Testing # Screen Setting
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Juny
[é)]
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o

[y
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[ee]
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©

N
o

N
[y

N
N

(%) 100% 100%

11.4 Safety

Safety tests confirmed that overdrive detectiogpendoor operaton and emergency shut off
mechani sms function correctly. A cur rteerdtive moni t oring routine hal
current exceeded predefined | imits. Opening the fixtureds front
ceased all motion. These conditions were also reflected on the
data, avoiding the need for destructive testingaHinl y , activating the emergency shut off r
powered the system down.
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All defined accuracy metrics across the Q®gre successfully achieved, derstrating
complete functional performance in every tested area; only the programming capability remains
unverified see Table2

Table27 Results fromsafetytests

Test Overdriving | Emergency | Open Fixture
Detection Shut Off Operation

Testing #
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12. Project Budget

TheFCU Quality Control Unitincludesseverakubsystemsncluding an XYmovement system
designedo preciselyposition the linear actuator over the pedal and dome segtdoring operatian
This systenusesa two-pulley designwhich moveghe central cart along thgiderail usingthe belts
attachedo the front left and back rigtgides with the oppositeonfigurationfor thesecondoelt. This
designallows for the stepper motors to either work in tandem or independently, profédirand
accurate mvementwithin the plane. Tadesign uses two stepper motors, high strength timing belts,
and a pulleysystemthat maintainpropertension andyuidesthe beltpath This system also uses high
precision rails and carriages to achieve two degrees of freedidditionally, customdesigned and
fabricated mounting brackesstach to the carriagesdhouse the tensiamg and guide pulleys. Table
28 below detailsall the partsrequiredfor this movement system.
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Table28 X-Y Movement System Bill of Materials

Movement System (Core XY)

Company Part
Name Number Description Category | Price Quantity | Total References
Digi-Key | 1024717ND | NEMA 17 Stepper Motor | Motor $123.33 2| $246.66| [38]
McMaster High Strength HTD Timing | Timing
Carr 3682N13 Belt (6mm) Belt $24.21 2 $48.42| [39]
McMaster Aluminum- PressFit Mount
St 3684N11 (for Timing Belt 6mm) Pulley $4.99 2 $9.98| [34]
McMaster Aluminum Toothed Pulley
Carr 3693N11 (6mm Timing Belt) Pulley $8.46 6 $50.76 | [40]
McMaster Aluminum Smooth Pulley
v 3693N14 (6mm Timing Belt) Pulley $9.06 2 $18.12| [41]
McMaster Guide Rail Mounts for T -
Carr 1748N14 Slotted Frame (1.5") Railing $54.85 2 $109.70| [42]
McMaster 6709K153 Guide Rail (Pricing is $0.52 Railing $198.75 3| $596.25 [28]
Carr per mm)
McMaster Ball Bearing Carriage for 9 .
Carr 6709K114 mm Rail Width Bearing $64.00 3| $192.00) [43]
McMaster LubricantFilled Nylon
91545A440 | Plastic Washer (5.5 mm ID, Fasteners $2.80 16 $44.80| [44]
Carr
10 mm OD)
Black-Oxide 188 Stainless
McMaster Steel Washer for M5 Screw )
Carr 98269A440 Size, 5.3 mm ID, 10 mm Bearing $0.05 24 $1.28 | [45]
oD
McMaster Aluminum Unthreaded
Carr 92510A746 | Spacer, 1/2" OD, 5/8" Long Bearing $1.61 8 $12.88| [46]
for Number 10 Screw Size
McMaster Medium-Strength Steel
Carr 90576A104 Nylon-Insert Locknut Fasteners $6.14 8 $49.12| [47]
Alloy Steel Socket Head
McMaster Screw, BlackOxide, M5 x
Carr 91290A258 0.8mm Threaddomm Fasteners $032 8 $254 | [48]
Long, Partially Threaded
Architectural 6063
McMaster Aluminum Rectangular Raw
Carr 88935K111 Tube, 1/4" Wall Thickness,| Material $2.28 9 $20.50) [49]
1-1/2" High x 3" Wide
Multipurpose 6061
McMaster | gos6koa5 | Aluminum Rectangular | R2W $3.11 3| $9.33| [50]
Carr Material
Tube
Multipurpose 6061
MeMasIer | 89015K231 | Aluminum Sheet - $1.88
1/8" Thick, 2" x 24" $0.47 [51]
645598 _1_ | Copper Buckle, 2GT Belt
Amazon FiFizhwSN | Clamp Fasteners $0.70 4 $2.80| [52]
Button Head Hex Drive
McMaster Screw, Passivated 4B
Carr 92095A190 Stainless Steel, M4 x 0.70 Fasteners $0.09 10 $0.94 | [53]
mm Thread, 10mm Long
McMaster Alloy Steel Socket Head
o 91290A198 | Screw, BlackOxide, M5 x | Fasteners $0.85 8 $6.82 | [54]
0.8 mm
Total | $1,42478

27





























































































































































































































































































































































































