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[bookmark: _Toc164798357]ABSTRACT
This document details the process that was followed in designing a consumable USB inserter PCB for use in automated test equipment. The development is an improvement upon an existing design.
The main objective of the project was to reduce the daily failure rate of the USB test on Raspberry Pi test jigs. The method for reducing this was to develop an improved USB inserter for use within the automated test jig. 
Market research was undertaken with the purpose of identifying what similar products are available in the market and identify useful features to inspire an improved design. 
One major challenge in the project was sourcing custom spring parts, however this obstacle was eventually overcome. 
The design was evaluated against numerous criteria to determine if it was successful or not. The criteria are as follows: function, damage, robustness, reliability, maintainability, and ethical concerns.  The details of each evaluation can be found within the report. 
Several revisions of the PCB were designed; each revision was evaluated after testing.
Overall, the development was a success. The PCB functioned correctly as a USB extension and based on test data gathered from production test jigs, the USB inserter did reduce the failure rate. The new inserter is also easier to set up according to setup timings taken.
The initial design was developed for use within Raspberry Pi5 test equipment, however the design in this project was adjusted for use within Pi4 test jigs. 
Further documentation of the PCB is also shown, such as build instructions. This will be used by the production engineering team as a reference. 
Some further improvements are discussed at the end of the report. One such improvement is a method to accurately track the usage of the USB inserters. 
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[bookmark: _Toc164798360]INTRODUCTION
This report shows the development process that was taken for a consumable USB 3.0 extension (*referred to as a USB inserter) that was designed for use inside automated Raspberry Pi test equipment within Sony UK Technology Centre.
[bookmark: _Toc164798361]SONY UK TECHNOLOGY CENTRE
Sony UK Technology Centre is a manufacturing facility located in South Wales. The main function of the facility is to manufacture high-end broadcast and professional technology designed by Sony [1].
However, in recent years they have offered contract manufacturing services to 3rd party companies. One product that is manufactured in this part of the business is the Raspberry Pi, which is a low-cost single board computer. There are many different variants of the raspberry pi, such as the Raspberry Pi 4 [2] and Raspberry Pi Zero 2 W [3].[bookmark: _Toc164798461]Figure 1 - Raspberry Pi Zero 2 W (left) [3] and Raspberry Pi 4 (right) [24]

[bookmark: _Toc164798362]AUTOMATION
Some products are processed on automated production lines within the factory. This means that it would go through an SMT process, routing process, test process and packing process without a human touching it.
[image: ]
[bookmark: _Toc164798462]Figure 2 - Automated line test pod input conveyor system [4]
One product which goes through the automated process is the Raspberry Pi4 and the Raspberry Pi5. The automated test equipment is located within a “test pod”. The test pod contains 4 “test heads”, which is where the product is automatically loaded onto a bed of nails test jig and has numerous peripherals connected to the device under test (DUT) such as an SD card extension, HDMI cables, USB C cable and USB extensions; all are required for the test to function correctly.
[image: ]
[bookmark: _Ref164717136][bookmark: _Toc164798463]Figure 3 – Raspberry Pi Test Pod


[bookmark: _Toc164798363]CURRENT TEST SETUP
A test head will automatically connect 7 things to the DUT as part of the automated test. These can be seen in the diagram in Figure 4. The USB inserter relevant to this project has been highlighted in grey.DUT
(RASPBERRY PI4/PI5)
ETHERNET INSERTER
X2 USB 3.0 INSERTERS
USB C
HDMI

HDMI
SD INSERTER
[bookmark: _Ref164711493][bookmark: _Toc164798464]Figure 4 - Automatic Insertions at test
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Connected to each of the USB inserters is a USB device. This contains both a USB 2.0 device and a USB 3.0 device and is used to verify that the USB functionality on the DUT is working correctly. 
The pass condition at test requires 4 devices to be detected when the USB inserters are connected. The device can be seen in Figure 5.[bookmark: _Ref164711505][bookmark: _Toc164798465]Figure 5 - USB 3.0 device

A full schematic of the USB device can be found in the appendices. 

[bookmark: _Toc164798364]PROBLEM
This project is related to the USB insertion at test. The existing hardware used has some issues that this project aims to address. These include:
-Reliability issues: On the Raspberry Pi 4 test process there is a ~4% NFF for the USB check. A NFF is a test failure that is not caused by a genuine product fault, referred to as a “no fault found”. NFFs require the product to be retested and this will reduce efficiency of the production line due to the additional time reprocessing these NFFs, which will itself incur additional costs. This USB check failure occurs when the devices inserted into the DUT is not detected. These devices are connected through an existing USB inserter design, so there is potential to improve first time yield of the production line with an improved USB inserter design. 
-Difficulty to maintain: USB inserters require manual alignment to ensure they make good contact to the DUT inside the test jig. This can be time consuming as a good alignment can be quite difficult to achieve with the current design.


[bookmark: _Toc164798365]DESIGN BRIEF
The aim of this project is to design a consumable USB 3.0 inserter board that is compatible with the automated test jigs for Raspberry Pi4 and Raspberry Pi5. The consumable part must be capable of connecting to both ports of a USB stack connector at the same time. It must also be easy to align within the automated test equipment. 
[bookmark: _Toc164798366]EVALUATION CRITERIA
This section defines the criteria that the design must be evaluated against to determine if it is a success. 

[bookmark: _Toc164798367]FUNCTION
The most critical part of the design is that it functions as a USB extension. The project will be a complete failure if the part does not function correctly. This will be the first thing to be tested. It must also be able to connect to both ports of the USB stack connector. This can easily be confirmed by connecting the USB 3.0 device used at test with the new inserter. 

[bookmark: _Toc164798368]DAMAGE
The inserter must not damage the connector on the product it mates with during the test. This is critical as if it does damage the product, then every unit that is tested will have a damaged USB connector, which is not an acceptable result. To validate if any damage is caused to the product, the new inserter will be inserted into a raspberry pi in a controlled way and the connector will be closely inspected for damage. The quality control department within Sony will also be given tested products to inspect for damage after insertions and make a judgement to deem it acceptable or not.
 
[bookmark: _Toc164798369]ROBUSTNESS
The inserter must be able to last a significant time in the production environment before it needs to be replaced. Any inserters that are installed into production jigs will be monitored to see how long they last. A judgment will be made to determine if their robustness is acceptable.  

[bookmark: _Toc164798370]RELIABILITY
A study will need to be done to evaluate if the 4% NFF has been reduced with a redesigned inserter. To evaluate if there is a reliability improvement. A data study will be conducted to review the USB failure test data. 

[bookmark: _Toc164798371]MAINTAINABILITY
The design must allow the inserter to be aligned quickly to reduce downtime on production equipment. To check this, a timed alignment of both the old and new design could be undertaken and then compared.
[bookmark: _Toc164798372]ETHICAL CONCERNS
An ethics form was completed for this project and no concerns were identified. No further evaluation was made beyond the ethics form. The ethics form can be found in the appendices. 

[bookmark: _Toc164798373]REPORT OVERVIEW
The remaining sections of the report will contain the following:
· A literature review showing research into existing USB inserter products that are available on the market and research into automation and an explanation of how automation is used within Sony UK Technology Center.
· An explanation of the design methodology that was selected for this project as well as how it changed as the project progressed. The resources that were required for the project were also defined and explained in this section as well as the schedule that was followed. 
· A detailed account of the design process of the USB inserter, showing the different revisions that were designed as well as the results of their testing. 
· An evaluation section, that will review all test criteria.
· A conclusion section that will summarise all findings of the project. 
· The final section reflects the project.












	
[bookmark: _Toc164798374]RESEARCH AND REVIEW OF LITERATURE
[bookmark: _Toc164798375]MARKET RESEARCH
This section will evaluate established designs for USB inserters that are available on the market. The characteristics of each will be compared with the aim of identifying features that will help improve the design for this report. 
[bookmark: _Toc164798376]INGUN - 51377
[bookmark: _Toc164798466]Figure 6 – Image of Ingun 51377 USB 3.0 inserter [5]


[bookmark: _Toc164798377]INGUN - 55130[bookmark: _Toc164798467]Figure 7 – Image of Ingun 55130 USB 3.0 inserter [5]


[bookmark: _Toc164798378]FEINMETALL CONTACT TECHNOLOGIES - 2112159[bookmark: _Toc164798468][bookmark: _Hlk163986464]Figure 8 – Image of Feinmetall Contact Technologies 2112159 USB 3.0 inserter [6]


[bookmark: _Toc164798379]ENGMATIC - 1552-89-000
[bookmark: _Toc164798469]Figure 9 – Image of Engmatic 1152-89-000 USB 3.0 inserter [7]


[bookmark: _Toc164798380] EXISTING DESIGN[bookmark: _Toc164798470]Figure 10 – Current design USB 3.0 Inserter used in Sony


[bookmark: _Toc164798381]COMPARISON
	Part #
	51377
	55130
	2112159
	1552-89-000
	EXISTING DESIGN

	Manufacturer
	INGUN
	INGUN
	FEINMETALL CONTACT TECHNOLOGIES
	ENGMATIC
	SONY

	Cost
	£174.33
(See quote in appendices)
	£174.33 
(See quote in appendices)
	No price available
	£229.38
(See quote in appendices)
	£10
(Costing in appendices)

	Can it connect to both ports of a USB Stack?
	NO
	YES
	NO
	NO
	YES

	USB 3.0 Capable
	YES
	YES
	YES
	YES
	YES

	Data rate
	5 Gbit/s
	5 Gbit/s
	4 Gbit/s
	Unknown
	Unknown

	Mating Cycle Rating
	100,000
	100,000
	50,000
	200,000
	Unknown

	Contact Method
	Spring Contact
	Spring Contact
	Spring Contact
	Spring Contact (copper beryllium)
	Connector
(Can removed)

	Reference
	[5]
	[5]
	[6]
	[7]
	


[bookmark: _Ref164712729][bookmark: _Toc164798459]Table 1 – USB Inserter Comparison Table
Table 1 shows that there are many options available for automatically inserting USB 3.0 devices. Unfortunately, none other than the existing Sony inserter design is suitable for use within the Sony test equipment. The first reason for this is that only the existing design and the Ingun 55130 can insert into a USB stack. Secondly, only the Sony design fits within the mechanical constraints of the test jig in Sony.
The constraint issue can be seen in Figure 11 and shows there is no room for the USB devices if the connector is on the back of the inserter as there is a large cylinder used to press the DUT into the jig. A significant and expensive redesign would be required to incorporate any of the designs researched. 
One common thing across all inserters on the market is the spring contacts that are built into the units. These parts are not available to buy from standard suppliers and therefore must be sourced some other way. This is something that could be investigated for the new design. 

[bookmark: _Ref164712754][bookmark: _Ref164712750][bookmark: _Toc164798471]Figure 11 - Mechanical Constraint Issue Explained
One thing that can be seen from the research is that there are some gaps in the specification of the Sony designed inserters. This is something that could be defined after the design, such as mating cycle rating and data rate. 
To get a closer analysis of some of the existing products on the market, some samples were purchased. The INGUN – 51377, Feinmetall Contact Technologies 2112159 and the Engmatic 1152-89-000 were all obtained for closer analysis. 
Upon closer inspection of the samples, it was clear that the spring contacts seem more robust than the connector tip used on the current Sony inserter design. In all the samples obtained, the springs can only deform into a groove that is routed into the board. This connection solution seems more robust that the contacts on the connector (692112030100) used on the existing design. 






[bookmark: _Toc164798382]USB DESIGN CONSIDERATIONS
Universal Serial Bus (USB) is a communication specification that is used to connect two devices together. It is often used to easily connect a slave device (e.g. mouse) to a master device (e.g. computer). There have been several revisions of the specification over the years, such as the improved 3.0 standard which included faster data transfer rates, better efficiency of power and more device compatibility.  
When designing PCBs with USB interfaces, there are some techniques that can be implemented to ensure that a good connection is made. These techniques aim to reduce reflections in the high-speed signals which if present will reduce signal integrity [8]. 
The USB specification states that USB 3.2 connections required a differential impedance in the range of 72-120ohms. To achieve this on a PCB, the PCB thickness, trace width and spacing of differential pairs are adjusted to specific values [9]. 
The length of the traces in a differential pair must also be matched to reduce the impact of timing delays. Serpentine routing is one method that can be used to tune the length of mismatched differential traces. 
[image: ]
[bookmark: _Toc164798472]Figure 12 - Example of serpentine routing [9]
The PCB stack-up can also be used to improve signal integrity. Having a ground reference plane under USB traces can improve signal integrity. The ground plane should not be split by any signal traces to maintain a good return path [9].

[bookmark: _Toc164798383]INDUSTRY 4.0 AND AUTOMATION
The term industry 4.0 refers to the start of the 4th industrial revolution, which is based on the use of CPS (cyber physical systems). A CPS refers to the connection between physical machines, industrial automated devices, and IT systems such as computers [10]. 
[bookmark: _Toc164798384]DRIVING FACTORS
This section will describe some of the driving factors that have been driving businesses to invest and develop industry 4.0 systems.
HUMAN CENTRED MANUFACTURING
Workers will always be a key part of manufacturing, however there is a desire to reduce laborious, error prone tasks. This can be done with the implementation of automated processes. People will still be required to design, maintain and manage these automated systems; however, it will require a higher skill level than that of the laborious tasks. There will be opportunities for workers to develop themselves with these processes and there will be improved worker safety, engagement, and quality of life [10]. 
PRODUCTION RESTORING
Offshore manufacturing operations have been implemented in recent decades to reduce overall manufacturing costs, due to cheap labour that is offered in some countries. There has been a motivation in recent years to reverse this trend and bring back manufacturing to the places of innovation. This is often referred to as reshoring. This can only be achieved if the manufacturing costs can be reducing to competitive levels. One method to achieve this is to reduce labour costs with increased automation [10].
[bookmark: _Toc164798385]BENEFITS
CPS allow for the mass collection of data from a manufacturing process. This is often called the internet of things or big data [11].
This mass of data can be used to closely monitor the performance of the factory and identify useful trends that could be used to reduce inefficiencies. One such example is predictive maintenance, where data can be monitored to identify trends that show equipment will soon need maintenance. More efficient methods will improve machine uptime and therefore increase production output. 
Another benefit can be the accurate supply chain information that can be obtained from the industry 4 data systems. For example, an accurate number of output units from a day’s production can be obtained. Any production output issues can be highlighted quickly and can be dealt with efficiently [10].






AUTOMATION AT SONY UK TECHNOLOGY CENTRE
Sony UK Technology Centre is currently in the process of developing industry 4.0 systems. Automated processes are already present as shown previously. Data currently being gathered from numerous sources around the automated processes, such as PLC state data, test data and environmental data. This information is compiled and presented on dashboards so that it can be analyzed and used in useful ways. For example, one dashboard shows the performance of the raspberry pi test autopod, highlighting any significant test failures. This type of data will be reviewed to validate the effectiveness of any new USB inserter designs. 
An example dashboard for CM4 production jigs can be seen in Figure 13.
[image: ]
[bookmark: _Ref164715965][bookmark: _Toc164798473]Figure 13 - Sony Dashboard Example
[bookmark: _Toc164798386]CONCLUSION OF RESEARCH
One of the main takeaways from the market research is that there is no off the shelf solution that is available to solve the design problem. There are features that are common across the off the shelf inserters that may be beneficial to incorporate into the new design. The 5 USB 3.0 contacts on all of the off the shelf inserters are springs. Including this feature on the new design could improve the robustness of the part meaning it will last longer in the test jigs.
Another feature that must be considered is the routing of the USB traces on the PCB. To ensure good signal integrity of the USB connections, the differential pairs on the board should be routed within the recommended impedance specification. Any variation from this could contribute to NFFs within the test system.
The research also shows that there are clear benefits to automation. 


[bookmark: _Toc164798387]DEVELOPMENT METHODOLOGY
The waterfall design methodology was selected for use within this project due to its clear stages of development. The stages seemed relevant to development and testing of the new USB inserter. 
[image: ]
[bookmark: _Toc164798474]Figure 14 - Waterfall Design Methodology [12]
The first stage of the waterfall method is where the requirements are designed. The capabilities and features required in the design will be defined in this section as well as the time scale of the project. Some research will also take place in this stage. 
Next is the design stage. The first thing done in this stage is a high-level overview of the design. This is often done as a block diagram showing all required parts of the design. Once the high-level design is completed, the specific solutions can be investigated and developed further. In this stage, the detail of what features the USB inserter will be defined. The PCBs used for the project will be designed in this stage.
The implementation is potentially one of the shorter phases of the project. This is where the initial assembly of the inserter will take place and some initial sense checking and testing. Such as, does it function correctly as a USB inserter and does it fit within a USB connector.
The verification and testing phase is where most of the testing will take place. This is the most important part of the development as it is where the design will be critically evaluated to ensure that it functions as required. The testing at this phase will determine if the project was a success of not.
The final stage of the development is the deployment and maintenance stage. In this project, the deployment will be the installation of the new USB inserter into all test equipment  [13]. The maintenance of this project will involve a handover to the production engineering team within Sony as they will be responsible for maintaining this part within the test equipment. This will require a handover of all documentation.
As the project went on, the methodology became more iterative as issues were identified from testing and then designed out in subsequent revisions. This meant after the verification and testing stage, the development could feed back and return to the design stage for any adjustment that was required. This loop continued until the inserter functioned correctly during testing, shown in Figure 15. 




[image: ]
[bookmark: _Ref164716147][bookmark: _Toc164798475]Figure 15 - Waterfall Design Methodology with feedback [12]

















[bookmark: _Toc164798388]SOFTWARE USAGE
[bookmark: _Toc164798389]ALTIUM DESIGNER
Altium designer was selected as the software package to be used for the PCB design in this project. This is a comprehensive package that allows designers to efficiently develop PCBs and manage the design rules of the project. It also allows for the creation of any relevant design documentation. This would include schematics and 3D models of the design. Also any files required for manufacturing will be exported using this software package (gerbers, drill files).  
[image: ]
[bookmark: _Toc164798476]Figure 16 - Image of Altium Designer Usage










[bookmark: _Toc164798390]NATIONAL INSTRUMENTS CVI
The test sequencer used within Sony UK Tech is written using an IDE called national instruments CVI. This software package uses the C programming language. During the project, some code will be written for the test setups during the initial testing stage of the project. Examples of the GUI and code can be seen in Figure 17 and Figure 18. 
[image: ]
[bookmark: _Ref164716363][bookmark: _Toc164798477]Figure 17 - National Instruments GUI Developed for Sony Test Systems
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[bookmark: _Ref164716365][bookmark: _Toc164798478]Figure 18 – National Instruments Example 2 - Mode 5 written in C for the test sequence

[bookmark: _Toc164798391]THONNY
Thonny is a Python IDE that was used to develop any python scripts used in the project. This package was selected for its ease of use and ability to quickly install additional python packages as required. 
[image: ]
[bookmark: _Toc164798479]Figure 19 - Thonny Python IDE [14]
[bookmark: _Toc164798392]RESOURCES AND EQUIPMENT USAGE
[bookmark: _Toc164798393]RASPBERRY PI
A Raspberry Pi is a single board computer that is the product being tested in the automated process. The single product was used on its own to confirm the functionality of the USB inserter. Both the Raspberry Pi 4 and Pi5 were used in the development of the USB inserters. 
[image: Raspberry Pi 4 Specifications]
[bookmark: _Toc164798480]Figure 20 -Image of Raspberry Pi 4B [15]
[image: Raspberry Pi 5 - The Pi Hut]
[bookmark: _Toc164798481]Figure 21 - Image of Raspberry Pi 5 [16]





[bookmark: _Toc164798394]RASPBERRY PI AUTOMATED TEST JIG (AUTOPOD)
The USB 3.0 inserter was tested in the production environment by installing it into the production test equipment. This is called an autopod, shown in Figure 3.
[bookmark: _Toc164798395]RASPBERRY PI AUTOMATED TEST JIG (OFFLINE HEAD)
A single test head was used for some of the testing of the USB inserter. This piece of equipment contains all the parts of the automated jig but with a single test head, and it can be used outside of an autopod. It allowed for rigorous testing of the mechanics in a safe environment, without disrupting production equipment. 
[image: ]
[bookmark: _Toc164798482]Figure 22 - Image of offline test head
[bookmark: _Toc164798396]COMPUTERS
Computers within the engineering department will be used to run all software packages required for the development (Altium Designer, CVI and Thonny).
Each test jig also has a computer that is used to run the test software on its jig. These PCs will also be used during the project. 
[bookmark: _Toc164798397]MECHANICAL SUPPORT
Some parts of the project will require some mechanical designs. Collaboration with the mechanical design team within Sony will be required. 
[bookmark: _Toc164798398]PCB FABRICATION FACILITY
After the PCB design of the inserter has been finalized, it will need to be manufactured. This service is provided by a PCB fabrication facility such as JLC PCB [17].

[bookmark: _Toc164798399]DATA SOURCES
Multiple sources of data will be used for evaluating the success of the project. One source of data is the test log data for the products. This is gathered automatically as the test are run. This data will be analyzed for USB failure rates. 
Some data will be manually gathered during the testing of the devices. This could include pictures/videos and manual observations or test results.
 
[bookmark: _Toc164798400]SCHEDULE
An initial schedule was composed during the project proposal stage of the development. This schedule can be seen in Figure 23. The schedule for the project was reviewed mid-way through the project after some design issues were identified. Any redesigns would have caused the rest of the task deadlines to be missed.
[image: ]
[bookmark: _Ref163936037][bookmark: _Toc164798483]Figure 23 - Original Schedule

A reviewed schedule was put together and shown in the interim viva. This can be seen in Figure 24 and  Figure 25. This schedule specified all the redesigns that were required. It was much more accurate than the original one and had some scope for slip in case there were any further unforeseen delays. 
No further issues were identified, and the reviewed schedule was followed until the end of the project. 
Full sized schedules can be obtained from the appendices. 
[image: ]
[bookmark: _Ref163937770][bookmark: _Toc164798484]Figure 24 - Reviewed Schedule Part 1

[image: ]
[bookmark: _Ref163937776][bookmark: _Toc164798485]Figure 25 - Reviewed Schedule Part 2











[bookmark: _Toc164798401]DESIGN AND IMPLEMENTATION
[bookmark: _Toc164798402]CUSTOM CIRCUIT SPRINGS
After reviewing existing products in the literature review, it was clear that the custom springs were was a desirable feature to be added to the redesigned USB 3.0 inserter. These would be used for the 5 USB 3.0 connections on the inserter.
One of the first challenges in the project was to find a way to source the custom springs. After much research, it was concluded that they were not a standard part available on websites such as Mouser, Farnell, RS and Digi-Key. An alternative method of sourcing them was required. 
The first step in sourcing the part was to clearly define what was required. In collaboration with the mechanical team at Sony, a mechanical drawing was made of the custom spring part. 
Another decision to be made in defining the custom spring part was to determine the material it was to be made from. From the literature review, it was identified that the custom spring contacts on the ENGMATIC  1552-89-000 was made from copper beryllium. Copper beryllium inherits the excellent electrical conductivity of copper and the beryllium exhibits properties of a spring [18]. This combination of properties makes copper beryllium a good choice for an electrical contact spring. It was decided that this material was suitable for the custom spring contacts. 
Figure 26 shows the full mechanical drawing of the copper beryllium spring. The part was hereafter named the circuit spring. 
[image: ]
[bookmark: _Ref164105196][bookmark: _Toc164798486]Figure 26 - Custom Copper Beryllium Spring

The other inserters from the literature review had what appeared to be jumper wires made from the same material as the custom spring. This part was also drawn up and can be seen in Figure 27.
[image: ]
[bookmark: _Ref164105631][bookmark: _Toc164798487]Figure 27 - Custom Copper Beryllium Jumper
3D step files of the designs were also generated so that they could be added to the PCB design and viewed in the full assembly of the inserter. 
After the design was clearly defined, it was then sent off to as many potential spring manufacturing contacts that were available. Most inquiries made were not met with a response. Some spring manufacturers did respond or responded and stated that the springs were too small to be manufactured by their facility. 
One solution to sourcing the custom springs was to find a way to make them at Sony. To do this, custom press tooling would be required. Some inquiries were made, and one of the mechanical contractors that Sony use for manufacturing jigs was able to produce hardened tooling presses that would be capable of forming small custom springs. An example of the custom press tooling can be seen in Figure 28. This solution was deemed unsuitable for the project. The tooling cost was deemed too high, and the lead-time was also very long. The other downside to this solution is that if any changes were required on the beryllium contacts, then new tooling would be required which would be expensive. Other downside of this solutions is that Sony would be reliant on supplying material to be used in the contacts and would need space to keep the tooling. 
[image: ]
[bookmark: _Ref164106915][bookmark: _Toc164798488]Figure 28 - Example Forming Press Tooling
Another solution to the sourcing problem was to use our PCB manufacturer who had contacts that were capable of manufacturing small springs in small and large batches, out of the required material. A small batch was initially quoted for to validate the quality of the part. The initial samples can be seen in Figure 29. The benefits of this solution are the quick lead time and the ease at which the parts can be adjusted for a customer. The only downside with this solution is that the minimum order quantity for a non-sample batch is 10,000. This would require a significant investment, however the cost per unit would be low compared to the sample. This was selected as the method for producing the springs. 
[image: ]
[bookmark: _Ref164107801][bookmark: _Toc164798489]Figure 29 - Sample Copper Beryllium Contacts


[bookmark: _Toc164798403]PCB DESIGN NOTES
This section specifies the design process for the USB inserter and some of the considerations that were made. Specific design changes will be discussed in subsequent sections alongside a review of each revision. The first board designed was to be used for Pi5 test jigs so this is the variant that had the majority of the testing. 

[bookmark: _Toc164798404]CIRCUIT SPRING FOOTPRINT
The first thing to do in the design stage was to create a footprint for the spring end of the USB inserter. The dimensions of this footprint were critical to the functionality of the inserter, as everything must line up correctly to the contacts inside the USB connector. 
 To correctly layout the spring end of the USB Inserter, a 2D DXF file showing the dimensions of the of a male USB 3.0 connector was input into the Altium Designer project. This was used as a template to show where all contact need to be located.  
[image: ]
[bookmark: _Toc164798490]Figure 30 - USB Type A Connector DXF imported into Altium



The final footprint for the circuit spring and jumper contacts can be seen in Figure 31. Pads 1-4 and holes 1h-4h are the USB 2.0 connection on the USB connector, this includes Vbus, Ground, D+ and D- respectively. Holes 5-9 are the USB 3.0 connections, which includes SSRX+, SSRX-, GND, SSTX- and SSRX+.
The sample products had space for the springs to deform on the PCB. This was defined by the green on mechanical layer 20. Comments will be shown on the gerbers to explain this feature, so the manufacturers are clear.
[image: ]
[bookmark: _Ref164193417][bookmark: _Ref164193413][bookmark: _Toc164798491]Figure 31 - Inserter Spring End Footprint







[bookmark: _Toc164798405]CIRCUIT SPRINGS SCHEMATIC COMPONENT
Figure 32 shows the schematic component that was made for the spring contacts. The PCB footprint was linked to this, and it allows it to be used within a schematic sheet. The pin mapping between the schematic component and the PCB footprint ensures that the correct pads are connected. 
[image: ]
[bookmark: _Ref164194355][bookmark: _Toc164798492]Figure 32 - Circuit Springs Schematic Component
Step files for the circuit springs and jumper wire component were also included in the footprint. This meant that accurate 3D models of the inserter could be generated. The 3D model of the footprint can be seen in Figure 33.
[image: ]
[bookmark: _Ref164194553][bookmark: _Toc164798493]Figure 33 - Spring Contact 3D layout
















[bookmark: _Toc164798406]PCB SCHEMATIC
The schematic sheet for the design can be seen in Figure 34. There are two main components, the circuit spring footprint and the female USB 3.0 connector. The connections are very simple, however differential pairs are defined with red tags connected to their respective nets.
Fiducial marks have also been added to the schematic sheet. This is so that there will a footprint added to the PCB design document.
[image: ]
[bookmark: _Ref164196008][bookmark: _Toc164798494]Figure 34 - Schematic Sheet for USB Inserter







[bookmark: _Toc164798407]PCB LAYERS
The PCB was designed to have 4 layers. This consisted of top and bottom signal layers, a ground plane layer, and a power layer. One of the main reasons for this setup was to simplify the wiring on the board. No traces would be required for connecting any parts to ground or power nets on the board.
All signal routing was done on the top layer, shown in Figure 35. These signals are all differential pairs required for USB communication. The pairs were routed with specific trace thickness and spacings to create the desired 90ohm impedance required for USB data lines. The details of this were specified by the PCB manufacturing house, who defined the recommended parameters. They also checked the PCB gerber files to ensure that the recommended parameters were correct during the time of manufacture. 
 [image: ]
[bookmark: _Ref164200097][bookmark: _Toc164798495]Figure 35 - Top Layer of V3.0 Inserter
The power layer was connected to the VBUS net. This is a 5V connection that is used to power the slave device connected to a USB Connector. The holes on the component footprints that are connected to the VBUS net are simple connected on the power layer. The power layer can be seen in Figure 36.
[image: ]
[bookmark: _Ref164200381][bookmark: _Toc164798496]Figure 36 - Power Layer of V3.0 Inserter



Both the ground layer and the bottom signal later contained large ground fill polygons. The purpose for this was to shield the signal layers in an attempt improve signal integrity. 
[image: ]
[bookmark: _Toc164798497]Figure 37 - Ground Layer of V3.0 Inserter
[image: ]
[bookmark: _Toc164798498]Figure 38 - Bottom Layer of V3.0 Inserter
[bookmark: _Toc164798408]MOUNTING HOLES
The mounting location holes were copied from the previous version of the inserter. This did not change.








[bookmark: _Toc164798409]BARCODE LOCATION
A space on the PCB was allocated on the top silk layer for adding a barcode stick that has a unique number on it. The purpose of the barcode is to track the usage and lifespan of the inserter. If a new inserter was installed, it could be scanned into a tracking matrix and an old one could be scanned out. The duration an inserter lasted could then be identified and this information could be used for maintenance planning. 
[image: ]
[bookmark: _Toc164798499]Figure 39 - Top Silk Barcode Location on V3.0 Inserter

[bookmark: _Toc164798410]PART SELECTION
The same USB 3.0 female connector was used from the previous version of the USB inserter. It was selected for its low profile as the component was recessed into the board. 












[bookmark: _Toc164798411]PANELISATION
The boards were panelised at the design stage in a 2x5 configuration. Any specific requirements required for manufacturing are specified on the panel PCB design document. For example, text has been added specifying features such as chamfers, routing, and v-grooves. The panelised design can be seen in Figure 40.
The inserters are facing out on the design so that they can be easily chamfered. The PCB fabrication house requested this as they can run their routing tool along the outer edge of the panelised PCB. The chamfer was a feature that was identified at the market research stage and was added to the design to assist with insertion. 
V-grooves are a deep score that is cut into the PCB that allows it to be broken along specific lines. The function of this is to break out individual boards from a panel [19].
Any curved cutout that is required on the board must be shaped by a router. This is defined in the panelised Gerbers. 
Additional routing is specified on the Gerbers, in the location under the circuit springs, so that they can deform without restriction. The route depth of these slots is 1mm.
Holes were added to the waste material on the top and bottom of the PCB so that the panel could be mounted into a pasting jig. This is used in part of a process for accurately adding solder paste to a PCB before SMT parts are mounted [20].  A stencil was manufactured using the Gerber files.  For the USB inserter, this was considered an option for adding solder when mounting the USB 2.0 jumper wires on the end of the board. However, this method was not used during the assembly of the inserters.
[image: ]
[bookmark: _Ref164201168][bookmark: _Toc164798500]Figure 40 - Panelised Inserter Design
[bookmark: _Toc164798412]ASSEMBLY NOTES
After the PCBs were manufactured and all parts were sourced, the next stage was to assemble the inserters. The assembly method was developed as inserters were being tested, as there was a requirement to improve the quality of the build of the inserters and ensure that they were made correctly. 
It was critical that the assembly method of the inserters to be repeatable and well documented. After the handover of the project to production engineering, the technicians within that department would be responsible for maintaining the automated equipment, and by extension these inserters. They would require a document that clearly defines assembly instructions, parts to be used and any caution points during assembly. 
[image: ]
[bookmark: _Toc164798501]Figure 41 - Blank USB Inserter PCB
The first step in assembling the USB inserters is to fit the circuit springs to the board. 
[image: ]
[bookmark: _Toc164798502]Figure 42 - 5 Circuit Springs Fitted to PCB
The circuit spring must be fitted in the correct orientation otherwise the connection side will sit too high and could damage the inside of the mating connector. The correct orientation can be seen in Figure 43.
[image: ]
[bookmark: _Ref164280519][bookmark: _Toc164798503]Figure 43 - Correct Orientation of Circuit Spring
One of the first challenges when assembling the first inserters was getting the circuit springs straight and set to the correct height. In collaboration with the mechanical team, a jig was designed to assist in getting the spring alignment correct during assembly. 
The jig was placed over the end of the inserter after the springs were fitted and channels on the inside of the jig forced them into alignment. The inside of the jig can be seen in Figure 44.
[image: ]
[bookmark: _Ref164281205][bookmark: _Toc164798504]Figure 44 - Inside of Circuit Spring Alignment Jig
The correct placement of the tool can be seen in Figure 45.

[image: ]
[bookmark: _Ref164281264][bookmark: _Toc164798505]Figure 45 - Alignment Jig Over Circuit Springs
After the alignment jig has been fitted, a pin in inserted under all circuit springs to raise them to the correct height. 
[image: ]
[bookmark: _Toc164798506]Figure 46 - Alignment Jig with Bar for Setting Correct Height
Each spring is then soldered to fix them in place, shown in Figure 47.
[image: ]
[bookmark: _Ref164281354][bookmark: _Toc164798507]Figure 47 - Circuit Spring Solder Location
It is critical that the springs are set to the correct height. Any deviation from the expected height could cause damage to the product or could cause intermittent connection issues. An example of correctly set circuit springs is shown in Figure 48.

[image: ]
[bookmark: _Ref164281439][bookmark: _Toc164798508]Figure 48 – Example of Level Circuit Springs
Next, each spring is tested to ensure it can compress into the routed slot in the board. If a spring does not compress, then the assembly is faulty and must be fixed. If a spring does not compress and it is inserted into the product, it will cause damage to any connector mated with it. 
[image: ]
[bookmark: _Toc164798509]Figure 49 - Circuit Spring Compression Test
The jumper wires are the next part to be assembled. They are placed in the holes shown in Figure 50.
[image: ]
[bookmark: _Ref164281597][bookmark: _Toc164798510]Figure 50 - Jumper Wire Fitment Location
After they have been placed, they must be soldered. It is important to ensure that they are flat when soldered and that no excessive solder is on the jumper wires as it would increase the height of the part and can cause damage to connectors that mate with it.
[image: ]
[bookmark: _Toc164798511]Figure 51 - Soldered Jumper Wires
The final part in the assembly is the USB 3.0 connector placement. This part must be fitted in the correct orientation as shown in Figure 52.
[image: ]
[bookmark: _Ref164281813][bookmark: _Toc164798512]Figure 52 - USB 3.0 Connector Placement
The legs of the connector must then be soldered in place. 
[image: ]
[bookmark: _Toc164798513]Figure 53 - Underside of USB 3.0 Connector

A link to the full assembly op standard can be found in the appendices.


[bookmark: _Toc164798413]V3.0 INSERTER DESIGN REVIEW
V3.0 of the first version of the inserter to be tested. The V3.0 boards were ordered in three different thicknesses to investigate if it would improve performance during testing.  These boards can be seen in Figure 54, Figure 55 and Figure 56. The colours of the boards were different to easily differentiate them during testing.  
[image: A picture containing text, electronic engineering, indoor, flash memory
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[bookmark: _Ref164366095][bookmark: _Toc164798514]Figure 54 - V3.0 Inserter (1.6mm thickness PCB)

[image: A picture containing electronic engineering, electronics, indoor, electronic component

Description automatically generated]
[bookmark: _Ref164366096][bookmark: _Toc164798515]Figure 55 - V3.0 Inserter (1.8mm thickness PCB)

[image: A close-up of a circuit board

Description automatically generated with low confidence]
[bookmark: _Ref164366097][bookmark: _Toc164798516]Figure 56 - V3.0 Inserter (2mm thickness PCB)
[bookmark: _Toc164798414]FUNCTIONAL TESTING
The first criteria to be evaluated was the functionality of the device. This check was to confirm that the inserter functioned correctly as a USB extension. To check this, the USB device used in the normal test process was connected into inserter and it was plugged into a USB 3.0 port on a computer. An example of the test setup can be seen in Figure 57.
[image: A picture containing electronic engineering, electronic component, circuit component, electronics

Description automatically generated]
[bookmark: _Ref164366373][bookmark: _Toc164798517]Figure 57 - Example Functional Test Setup
 The first test was done into a windows PC and a piece of software called “USB Device Tree Viewer” was used to confirm the devices had correctly been detected. Initial results during this test were successful and the devices could be seen; this is shown in Figure 58. The two devices connected displayed as “Generic USB 2.1 Hub” and “Generic SuperSpeed USB 3.0 Hub”.
[image: ]
[bookmark: _Ref164366536][bookmark: _Toc164798518]Figure 58 - Functional Test Results in USB Device Tree Viewer
However, when same test was conducted on the USB 3.0 port of a Raspberry Pi 4, it would cause the device to reboot every time it was inserted. These test results were confirmed to be the same for all 3 thicknesses of boards. 
After closely inspecting the board, a design issue was identified. When the inserter is connected, the VBUS line is short circuited to the connector chassis as it moves over the hole highlighted below. The plating on the hole is connected to VBUS. The plating must be removed on next revision design to resolve this issue. 
[image: ]
[bookmark: _Toc164798519]Figure 59 - VBUS Short Circuit Explanation


The second issue that was quickly identified with the V3.0 boards is that the mounting hole size is incorrect. M3 screws are used to mount USB inserters to the mechanics of the jig and the hole size was 2.5mm which is too small for an M3 threaded screw. Online resources recommend a 3.15mm diameter hole for M3 close fit clearance hole [21]. 
To progress with further testing, the holes were drilled out using a 3mm drill bit to allow it to fit within the jig mechanics, shown in Figure 60. 
[image: A picture containing electronic engineering, electronics, indoor, electronic component
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[bookmark: _Ref164367654][bookmark: _Toc164798520]Figure 60 - Drilled Out Clearance Holes
A board was also modified to resolve the VBUS issue. The plated VBUS holes were drilled out and a mod wire was added to connect the jumper to the VBUS net. The modifications can be seen in Figure 61.
[image: ]
[bookmark: _Ref164370330][bookmark: _Toc164798521]Figure 61 - V3.0 Modified PCB





[bookmark: _Toc164798415]ROBUSTNESS TESTING
The modified board was then setup in the offline test head so that it insertion testing could be conducted. 
The tests in the offline head were initially to confirm that the inserter was robust enough to remain functional after a significant number of tests. Next, the inserters were tested to see if the product was damaged after insertion. And finally, the inserter was tested to see if it would be damaged after a specific number of insertions. 
[image: ]
[bookmark: _Ref164404349][bookmark: _Toc164798522]Figure 62 – USB Inserter Functional Test Flow

The functional test process can be seen in Figure 62. The process was implemented by modifying the test sequencer in CVI and it was implemented in C. 
The results of the functional test showed that the USB inserter was functional for a 500-cycle test. 
[image: ]
[bookmark: _Ref164407796][bookmark: _Toc164798523]Figure 63 - Damage inside DUT connector
This result was deemed acceptable because no single production board should have a USB connecter inserted 500 times within the test jig.
Damage was visible in the first board that was cycle tested and can be seen in Figure 63, however this was the results of the mod on the VBUS jumper wire, which increased its height and caused it to contact the plastic when inserted. This can be seen in Figure 63. 
The next test was to confirm the robustness of the inserter. The process was like the functional test, however there was no USB detection test and after a number of insertions, the inserter was visually checked for damage and also measured for spring deformation.
	Number of Insertions
	Result

	1
	No damage to springs

	10
	No damage to springs

	100
	No damage to springs

	1,000
	No damage to springs

	10,000
	No damage to springs


[bookmark: _Toc164798460]Table 2 - Inserter Robustness Test Results
The test results showed that the inserter did not have any damage after 10,000 insertion, shown in Figure 65. Inspection of the connector did show some obvious damage marks, shown in Figure 64, however the insertions number of this product far exceeds that of anything that would go through the test process.
[image: ]
[bookmark: _Ref164411668][bookmark: _Toc164798524]Figure 64 - USB connector after 10,000 insertions

[bookmark: _Ref164411745][bookmark: _Toc164798525]Figure 65 - Image inserter before 1 insertion (left) and after 10,000 insertions (right)

The results of this test, show that the inserter will not be damaged after many insertions.







[bookmark: _Toc164798416]DAMAGE TESTING
The next criteria to validate on the USB Inserter is to see if it causes damage to the product. The method is similar to the previous test setup, however, a “fresh” raspberry pi was placed into the jig for every test cycle. A fresh board refers to a device that has not had anything connected into the USB connector. Images were taken of the connector at 0 insertions, 1 insertion, 5 insertions and 10 insertions. The images were inspected for any signs of damage.
After 1 insertion with the 1.8mm thickness board, dents were identified on the blue part of the connector shown in Figure 66. This was deemed unacceptable and therefore the 1.8mm thickness board and the 2mm thickness board were deemed unsuitable for automatic insertion at test.
[image: ]
[bookmark: _Ref164414843][bookmark: _Toc164798526]Figure 66 - 1 insertion damage with 1.8mm thickness inserter
Damage testing continued with 1.6mm thickness boards. The process was repeated for 5 boards.












	Insertion Number
	Image
	Comment

	0
	[image: A picture containing text, car, blue
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	Reference

	1
	[image: ]
	Minor cosmetic damage

	5
	[image: ]
	Minor cosmetic damage

	10
	[image: ]
	Minor cosmetic damage


[bookmark: _Toc164798527]Figure 67 - Board #0000011023217346 Damage Verification

	Insertion Number
	Image
	Comment

	0
	[image: A close-up of a blue and black device

Description automatically generated with low confidence]
	Reference

	1
	[image: ]
	Minor cosmetic damage

	5
	[image: ]
	Minor cosmetic damage in 2 locations

	10
	[image: ]
	Minor cosmetic damage in 2 locations


[bookmark: _Toc164798528]Figure 68 - Board #0000011023217347 Damage Verification

	Insertion Number
	Image
	Comment

	0
	[image: A close-up of a blue and black device

Description automatically generated with low confidence]
	Reference

	1
	[image: ]
	Minor cosmetic damage

	5
	[image: ]
	Minor cosmetic damage

	10
	[image: ]
	Minor cosmetic damage


[bookmark: _Toc164798529]Figure 69 - Board #0000011023217349 Damage Verification
	Insertion Number
	Image
	Comment

	0
	[image: Close-up of a blue and black device

Description automatically generated with low confidence]
	Reference

	1
	[image: ]
	Minor cosmetic damage

	5
	[image: ]
	Minor cosmetic damage in 2 locations

	10
	[image: ]
	Minor cosmetic damage 2 locations


[bookmark: _Toc164798530]Figure 70 - Board #0000011023217351 Damage Verification

	Insertion Number
	Image
	Comment

	0
	[image: A close-up of a blue and black device

Description automatically generated with low confidence]
	Reference

	1
	[image: ]
	Minor cosmetic damage

	5
	[image: ]
	Minor cosmetic damage

	10
	[image: ]
	Minor cosmetic damage in 2 locations.


[bookmark: _Toc164798531]Figure 71 - Board #Damage Verification

The results of the damage testing showed that minor cosmetic damage can be found on the USB connector after a 1.6mm thickness inserter was used to mate with it. The testing showed a common location for initial damage. The USB inserter used for damage testing was inspected after testing and it was noticed that the one USB 2.0 jumper wire was raised when compared to the other. This matched up with the location of the damage, shown in Figure 72.
[image: ]
[bookmark: _Ref164417340][bookmark: _Toc164798532]Figure 72 - Cause of common damage location
This finding highlights the importance of assembling the inserter correctly and the consequences if there are assembly problems.

[bookmark: _Toc164798417]TESTING SUMMARY
· Critical design issue identified that will cause VBUS to ground short circuit when a connected to a USB connector. 
· Mounting holes are incorrect in size.
· If wired correctly, the inserter can function for a significant number of insertions.
· They are robust enough to not become damaged after a significant number of insertions.
· Fresh connectors do show some marking and minor damage after 1 insertion with a 1.6mm thickness inserter. Reducing the thickness of the PCB may reduce damage further. The Quality Check department must make a judgement to determine if the marking is deemed acceptable or not.
The results show that the V3.0 inserter is not suitable for production equipment and the design must be revised. Further testing is also required ensure all issues identified have been resolved.






[bookmark: _Toc164798418]V3.1.5 INSERTER DESIGN REVIEW
[image: ]
[bookmark: _Toc164798533]Figure 73 - V3.1.5 Inserter (1.4mm thickness)
[bookmark: _Toc164798419]DESIGN CHANGES
· 1.6mm and 1.4mm thickness boards manufactured. 
· Increase mounting hole size to 3.15mm diameter.
· Remove plating on VBUS holes
· Increase chamfer on inserted side of PCB
· Naming convention change
[bookmark: _Toc164798420]FUNCTIONAL TESTING
The same initial function test was conducted to confirm the new revision still functioned correctly. The Raspberry Pi did not reboot when it was inserted into the connector. This confirms that removing the plated VBUS holes fixed the short circuit issue identified.  
The 1.4mm board was then function cycle tested in the offline head until failure. The test successfully passed 660 consecutive times; however intermittent failures were present afterwards. A new Raspberry Pi was then tested and was able to pass a further 289 times until intermittent failures were present again. It seemed that the product would lose some functionality after repeated mating of the connector. This was not deemed a concern as no product would have its USB connector mated more than a couple a time throughout the process.
The naming convention of the inserter changed with this version. The first digit represents the style of the inserter on the revision, 3.0 means custom spring tip. The next digit is the incremental version of that style and the final digit shows what product it is designed for “.5” means it is designed for Raspberry Pi5 test equipment.




[bookmark: _Toc164798421]DAMAGE TESTING
Further damage testing with the V3.1.5 was carried out. Testing with this revision was set up so that both ports were being inserted at the same time. 
	Insertion Number
	Image
	Comment

	0
	[image: ]
	Reference

	1
	[image: ]
	Minor cosmetic damage


[bookmark: _Toc164798534]Figure 74 - Board #0000011023217354 Damage Verification, 1.6mm thickness inserter










	Insertion Number
	Image
	Comment

	0
	[image: ]
	Reference

	1
	[image: ]
	Very minor dark marks in 3 locations

	5
	[image: ]
	Very minor dark marks in 4 locations.

	10
	[image: ]
	Very minor dark marks in 4 locations.


[bookmark: _Toc164798535]Figure 75 - Board #0000011040158622 Damage Verification, 1.4mm thickness inserter

The results from the damage tests showed that the 1.4mm board caused extremely minor damage. The raspberry Pi used for testing the 1.4mm inserter was given to the Quality manager within Sony for inspection after testing and the marking was deemed acceptable. 

























[bookmark: _Toc164798422]PRODUCTION TESTING
During the time of testing, the Raspberry Pi 5 line was being set up for initial production. The V3.1.5 was deemed ready for testing in production and was installed into the autopod to be used for Pi 5. The 1.4mm thickness board was selected for production testing as it was deemed less of a risk to damaging the connector on the product. 
Initial test results were successful; however, issues became apparent after some prolonged use within the test jig. After a large number of products had been through the autopod, some jigs seemed to consistently fail for the USB test. The test logs specified that the USB port had exceeded the maximum current allowed.
The inserters from these failing jigs were removed and inspected. Figure 76 and Figure 77 show the cause of the maximum current error. Material had been worn from the large ground polygon and deposited into the hole where the VBUS jumper wire was located. This connected the two nets together and caused a bridge. This was confirmed by using a multimeter which confirmed continuity between the two nets. 
[image: ]
[bookmark: _Ref164604423][bookmark: _Toc164798536]Figure 76 - VBUS / GND Short Circuit Example 1
[image: ]
[bookmark: _Ref164604424][bookmark: _Toc164798537]Figure 77 - VBUS / GND Short Circuit Example 2
After reviewing the issue, two improvements were devised. Firstly, the ground polygon on the bottom of the board will be reshaped so that it is not present on the VBUS side of the board. This will prevent any conductive material being deposited in the VBUS hole. 
Secondly, a new batch of jumper wires will be manufactured so that they are shorter. The height has been reduced by 0.75mm, shown in Figure 78. 
[image: ]
[bookmark: _Ref164607962][bookmark: _Toc164798538]Figure 78 - Revised USB Jumper Wire
[bookmark: _Toc164798423]TESTING SUMMARY
· Damage testing confirmed the inserters will not cause concerning damage to the product and deemed acceptable by the quality department.
· Continued usage of V3.1.5 inserters may cause a short between VBUS and GND nets. 



[bookmark: _Toc164798424]V3.2.5 INSERTER DESIGN REVIEW
[image: ]
[bookmark: _Toc164798539]Figure 79 - V3.2.5 Inserter
[bookmark: _Toc164798425]DESIGN CHANGES
· Changed bottom solder mask layer on PCB on underside of board around VBUS connections.

[bookmark: _Toc164798426]PRODUCTION TESTING
As only minor changes were implemented with V3.2.5 it went straight into production testing. After prolonged use within the test jigs, the same issue occurred as with the V3.1.5 board. 
This was caused by an error in the design. Only the solder mask layer was edited between revisions, this layer is used so the manufacturer knows where to leave a cutout in the solder mask. This meant that there was still copper under the solder mask, which was revealed after wear, and could cause a short circuit in the same manner as before. 
[image: ]
[bookmark: _Toc164798540]Figure 80 - V3.2.5 After production testing
[bookmark: _Toc164798427]TESTING SUMMARY
· Error in design meant that there was no improvement during production testing. Further adjustments required.


















[bookmark: _Toc164798428]V3.3.5 INSERTER DESIGN REVIEW
[image: ]
[bookmark: _Toc164798541]Figure 81 - V3.3.5 Inserter
[bookmark: _Toc164798429]DESIGN CHANGES
· Correctly removed copper around VBUS connections.
[bookmark: _Toc164798430]PRODUCTION TESTING
The V3.2.5 inserter was installed into production jigs and after continued use they did not seem to break after use. Figure 82 shows how even when the inserter is worn, there is no copper available that could short to the VBUS net.
[image: ]
[bookmark: _Ref164616944][bookmark: _Toc164798542]Figure 82 - V3.2.5 After production testing
[bookmark: _Toc164798431]TESTING SUMMARY
· No major issues identified during testing.
[bookmark: _Toc164798432]V3.4.5 INSERTER DESIGN REVIEW
[image: ]
[bookmark: _Toc164798543]Figure 83 - V3.4.5 Inserter
There was a requirement to get more inserters manufactured for more automated test equipment. This opportunity was used to implement any further design improvements to the inserter.
[bookmark: _Toc164798433]DESIGN CHANGES
· Mounting hole size change. From 3.15mm to 3mm diameter.
· Move VBUS and GND USB 2.0 connection forward 0.5mm
· Tweaked GND polygon on top layer to ensure it surrounds USB 3.0 connections.
The change to the mounting holes was a suggestion from the mechanical team after it was noticed there was some slight movement of the inserters around the mounting screws before they were tightened. This movement was reduced after the mounting hole size was reduced. 
The VBUS and GND USB 2.0 jumper wires were moved forward so that they would connect to the device before the data lines. This was more in line with the USB standard, which specifies that he VBUS and GND connections are protruding 1mm further than the data lines [20]. It was thought this could reduce NFFs.
The adjustment to the GND polygon was an attempt to improve the signal integrity of the data lines. The ground polygon now surrounds all USB 2.0 data jumper wires.
A full data pack for this version is available in the appendices. 

[bookmark: _Toc164798434]TESTING SUMMARY
The V3.4.5 was installed into production equipment with no issues. 
[bookmark: _Toc164798435]DESIGN OF V3.4.4
[image: ]
[bookmark: _Toc164798544]Figure 84 - V3.4.4 Inserter Design
[bookmark: _Toc164798436]DESIGN CHANGES
· USB connector on opposite side of the board. 
The V3.4.4 inserter was designed to be used for Raspberry Pi4 test equipment. The USB 3.0 connectors location is in a different location on the Pi4 and therefore requires a design with the connector on the opposite side of the board. 
This design will inherit all improved features of previous revisions. It has not been manufactured yet.













[bookmark: _Toc164798437]EVALUATION
To evaluate whether the project was a success or not, the original evaluation criteria will be reviewed. 

[bookmark: _Toc164798438]FUNCTION
The inserter successfully worked as a consumable USB extension, and it can successfully connect to both ports of a USB 3.0 connector. The design was fully functional from V3.3.5 onwards and this was shown in the design review section. The function was proven both by inserting into an individual Raspberry Pis and confirming devices could be detected, and through repeated cycle USB tests. The successful implementation into production equipment further showed how the devices functioned correctly.

[bookmark: _Toc164798439]DAMAGE
The testing of the inserter showed that very minor marking can be made on the inside of a connector that is mated with a USB inserter, on early revisions of the inserter. Later tests showed reduced cosmetic damage and it was deemed acceptable by the quality department within Sony. The products shown were also inserted into 10 times, which is far more than any that would normally go through the process. The PCBs were manufactured to be 1.4mm thick to reduce the risk of damage even further. 
The build of the USB inserters is a critical part of the build, and it is of paramount importance to build them correctly. A detailed operational standard on how to build the devices was also produced as part of the handover to the production engineering team. 
Most products going through the process will only be inserted into 1 time and from the tests, 1 insertion on the later revision boards left no visible markings.

[bookmark: _Toc164798440]ROBUSTNESS
The inserter was proven to be able to survive many insertions. Initial testing showed that it could survive 10,000 insertions without any damage in the offline test jig. 
There were some initial issues with the robustness of the inserters, however they were eventually designed out of the PCB. V3.3.5 was deemed robust enough for production use. 






[bookmark: _Toc164798441]RELIABILITY
To evaluate the reliability of the inserter, a data study was conducted to review if the new USB inserters reduced the USB failure rate on the test equipment. 
To review this, test data from Pi4 and Pi5 test equipment were compared. Pi5 test equipment uses the new inserter and Pi4 uses the old one, and so by comparing USB failure rates we can evaluate the reliability of the inserters. Each time a Raspberry Pi goes through the test process, data is logged to the Sony database. This data would include any fails that occurred on the test jig. This data can be accessed through webpages hosted on the local network. The Sony webpages were scraped using custom python scripts to gather the data across the different model ranges. It was then filtered using excel. The scripts used and data can be seen in the appendices. 
The highest months of production for Pi5 and Pi4 between 2023 - 2024 was identified and compared. For Pi4, October 2023 data was used and for Pi5 February 2024 data was used.  
For each day of production in the month, the total number of boards registered into the process and the total number of USB failures were used to calculate a USB failure percentage. This was repeated for each day of production for Pi5 and Pi4 and compared. The results can be seen in Figure 85, which shows that the Pi5 production run had, on average significantly less of a USB failure rate than that on Pi4. On average, Pi5 had a 1.835% reduced failure rate. Each data point represents the data for 1 day of production in that month.
[image: ]
[bookmark: _Ref164628980][bookmark: _Toc164798545]Figure 85 - PI4 and Pi5 USB Fail Comparison
The only difference between the USB test for Pi5 and Pi4 is the method of insertion. Therefore, it is reasonable to presume that the new inserter had a direct impact in reducing the failure rate. 

[bookmark: _Toc164798442]MAINTAINABILITY
To evaluate the maintainability of the new inserter, the setup time was measured for the old and new design (V3.4.5) and compared, the results are shown in Figure 86.
The main reason for the increased setup time for the Pi4 inserter is that there was far more adjustment in the setup, which required some time to get aligned correctly, whereas the new style inserter was much closer fit into the connector and did not have this issue. 
The reduced setup time shows that the new style of inserter is more maintainable.   

[bookmark: _Ref164630724][bookmark: _Toc164798546]Figure 86 - Measured Setup Time for inserters










[bookmark: _Toc164798443]CONCLUSION AND RECCOMENDATIONS
Overall, the development of the USB inserter was a success. All criteria defined from the start of the project was successfully met. 
Using the data from the data study, you could even make an estimation of cost savings based on the reduced USB failure rate. If you considered 10,000 boards through the process in 1 day, then a 1.835% reduction in USB fails would mean 180 additional boards would go straight through the process. This would have some considerable time savings throughout the process. Test time for a single product is on average 35 seconds. This would equate to 1.75 hours of saved test time per day. An additional 30 seconds would be required to manually handle and process each board if they were a failure, which would save 1.5 hours of manual handling time. This would be a total of 3.25 hours saving per day. If you considered the total number of weekdays in a year (260), and the minimum wage in the UK (£11.44 [22]), that would be a total saving of £9,666.80 per year. 
The use of the USB inserter developed in this report is also far more cost effective that any on the market. The total parts cost for the insert was £9.386, which is far less than any other inserter available. The full BOM can be found in the appendices.

















[bookmark: _Toc164798444]IMPROVEMENTS
Currently, there is no way to accurately track usage of inserters within test equipment as any changeover is manually controlled. One solution to this could be to add an IC to the inserter that has a unique factory programmed EEPROM that would act as a unique identifier for the inserter. This IC could be connected to the test equipment using the I2C interface. Every time a product is tested, it could log the unique identifier for the inserted peripherals as part of the test data. Any change in the logged EEPROM would indicate a new inserter has been installed. This data could be used to help with maintenance plans as you could identify how long equipment lasts for and plan spare part procurement in line with the usage of consumables. This could also be implemented to any other inserted part on the test jig such as SD inserters. Any other inserted part of the product could have a consumable PCB such as the USB inserter and could be tracked using this method. A part such as the AT24CS01-XHM-T could easily be implemented for this function, as it has a factory programmed EEPROM and an I2C interface [23].

















[bookmark: _Toc164798445]REFLECTION
One of the main issues with the project was the initial schedule. It required changing almost as soon as any issue was identified with additional revisions of PCBs took a significant amount of time to manufacture and assemble, setting the schedule back immediately. 
When creating schedules, time should be allocated for the unexpected. 
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[bookmark: _Toc164798447]APPENDICES
[bookmark: _Toc164798448]ETHICS FORM
https://www.dropbox.com/scl/fi/0vl8ob0zqofmzmzxw26bz/SoAC-UG-Ethics-Form-DESIGN-AND-VALIDATION-OF-USB-3.0-INSERTER-FOR-USE-IN-AUTOMATED-TEST-EQUIPMENT.pdf?rlkey=u4s64gos5jyz7u0nntg8yliti&dl=0

[bookmark: _Toc164798449]USB DEVICE SCHEMATIC
https://www.dropbox.com/scl/fi/56v8bulek1aisx5uxn39e/USB3_DEV.pdf?rlkey=5ei8szlbpybwe9yyw9hfmzo9n&dl=0

[bookmark: _Toc164798450]FULL SIZE SCHEDULE (ORIGINAL)
https://www.dropbox.com/scl/fi/qjj7lpr6hqunb8n835bak/USB-INSERTER-DESIGN-GANTT-V1-PROJECT-PROPOSAL.pdf?rlkey=mojzrdkp41h5hwh53l6zpsszm&dl=0

[bookmark: _Toc164798451]FULL SIZE SCHEDULE (REVIEWED)
https://www.dropbox.com/scl/fi/pg2unbm4v9ifnd6jq5dmz/USB-INSERTER-DESIGN-GANTT-V2.2-PROJECT-PROPOSAL.pdf?rlkey=daog2etqste2ggom7427yppn9&dl=0

[bookmark: _Toc164798452]USB INSERTER ASSEMBLY OP STANDARD
https://www.dropbox.com/scl/fi/dijs441gx8r50wmb02ar4/USB-INSERTER-ASSEMBLY-OP-STANDARD-1.21.pdf?rlkey=6xs7wshulw18xoit85nuwrh3b&dl=0

[bookmark: _Toc164798453]WEBSCRAPER PYTHON SCRIPT  - GATHER ALL PASS AND REGISTERED DUT DATA
https://www.dropbox.com/scl/fi/54xw2ttukujj7xltzxiei/registered-and-tested-count-scraper.py?rlkey=lr9hhkazye4vctrijsukdy5jy&dl=0

[bookmark: _Toc164798454]WEBSCRAPER PYTHON SCRIPT – GATHER ALL TEST FAILURE DATA
https://www.dropbox.com/scl/fi/jwpzzw47d818agafo8p3p/all_fail_board_test_time_v2_excel_merge.py?rlkey=rlwptj40cp3go0z4ufz3mj215&dl=0

[bookmark: _Toc164798455]DATA STUDY – PI4 DATA
	DATE
	REGISTERED
	PI4 USB FAIL COUNT
	USB FAIL %

	02-Oct
	9627
	232
	2.409888854

	03-Oct
	12126
	308
	2.539996701

	04-Oct
	10904
	281
	2.57703595

	05-Oct
	13810
	347
	2.512671977

	06-Oct
	8161
	355
	4.349957113

	10-Oct
	12567
	579
	4.607304846

	11-Oct
	20895
	888
	4.249820531

	12-Oct
	27027
	1045
	3.866503867

	13-Oct
	29734
	900
	3.026837963

	14-Oct
	14478
	471
	3.25321177

	15-Oct
	6695
	210
	3.136669156

	16-Oct
	19632
	550
	2.801548492

	17-Oct
	9983
	260
	2.604427527

	19-Oct
	25373
	678
	2.672131794

	20-Oct
	32686
	1016
	3.108364437

	21-Oct
	15642
	476
	3.043089119

	22-Oct
	6219
	199
	3.199871362

	23-Oct
	9591
	439
	4.577207799

	27-Oct
	16498
	905
	5.485513396

	28-Oct
	16609
	726
	4.371124089

	29-Oct
	11944
	459
	3.842933691

	30-Oct
	22557
	974
	4.317950082

	31-Oct
	19672
	381
	1.936762912



[bookmark: _Toc164798456]DATA STUDY – PI5 DATA
	DATE
	REGISTERED
	PI5 USB FAIL COUNT
	USB FAIL %

	01-Feb
	14695
	271
	1.8441647

	02-Feb
	11128
	198
	1.7792955

	05-Feb
	12094
	157
	1.2981644

	06-Feb
	15740
	196
	1.2452351

	07-Feb
	14782
	157
	1.0621026

	08-Feb
	13203
	195
	1.4769371

	09-Feb
	14130
	177
	1.2526539

	12-Feb
	8350
	116
	1.3892216

	13-Feb
	13669
	215
	1.5729022

	14-Feb
	13182
	189
	1.4337733

	15-Feb
	11439
	121
	1.0577848

	16-Feb
	14738
	123
	0.8345773

	19-Feb
	12120
	120
	0.990099

	20-Feb
	18544
	266
	1.4344262

	21-Feb
	14287
	191
	1.3368797

	22-Feb
	11633
	203
	1.7450357

	23-Feb
	13465
	323
	2.3988117

	26-Feb
	10680
	190
	1.7790262

	27-Feb
	16595
	384
	2.31395

	28-Feb
	16918
	341
	2.0156047

	29-Feb
	17398
	464
	2.6669732



[bookmark: _Toc164798457]TOTAL BOM COST
	PART
	SUPPLIER
	COST PER (£)
	QTY
	TOTAL COST (£)
	NOTE

	PCB
	Colors Enterprises Limited
	6.47
	1
	6.47
	10 per panel, $80 per panel. $8 ~£6.47

	USB JUMPER WIRE
	Colors Enterprises Limited
	0.073
	4
	0.292
	minimum qty 10,000. $0.09 each ~£0.073

	CIRCUIT SPRING
	Colors Enterprises Limited
	0.073
	5
	0.365
	minimum qty 10,000. $0.09 each ~£0.073

	692121230100
	FARNELL
	2.77
	1
	2.77
	USB connector (female)



TOTAL BOM COST = £9.386

[bookmark: _Toc164798458]V3.4.5 DATAPACK
The data pack contains gerbers files, drill files, odb++ files and STEP files for review. 
https://www.dropbox.com/scl/fo/b3mm6pdk23m1ip0hd0uam/AHb_Px_xSj-jqar6R4E_Up4?rlkey=f64z3whtm94wnfiv764ad69y0&dl=0
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