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Abstract

This dissertation describes the design, development, and deployment of two important assembly jigs, the Standard Cable to Body Jig (RUK41825) and the Vacuum Cable to Body Jig (RUK40942), for Renishaw's high-precision Resolute encoders. The major goal was to address concerns like as assembly inconsistencies, defect rates, and operator variability found in historical fixtures. A rigorous methodology integrating design-for-assembly (DFA) principles, empirical validation, statistical analysis, and operator feedback was used to construct and evaluate the effectiveness of the new and copied jigs.
The Standard Cable to Body Jig was mechanically and ergonomically refined, resulting in better alignment, fewer ferrule gap errors, and more push-out force uniformity. The Vacuum Cable to Body Jig, while not mechanically modified, was successfully replicated and certified to meet demanding cleanroom and mechanical performance standards. Testing included destructive force measurements, dimensional inspections, and statistical evaluation using the process capability index (Cpk), which revealed meaningful improvements in process control while also suggesting more areas for refinement.
The results showed a 100% first-time pass rate (FTPR) in trial batches, reduced operator fatigue, and compliance with lean manufacturing and quality assurance objectives. The project's strategic ideas, such as the need of empirical validation, ergonomic design, and standardisation, can be applied to various assembly processes. The findings highlight the importance of fixture engineering in achieving operational efficiency, product quality, and long-term production sustainability.
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Introduction

Background of the Project

The Renishaw Resolute Encoder (Figures 1 and 2) is a high-performance absolute optical encoder designed for precision applications in industrial and scientific settings. The encoder is widely used in sectors such as aerospace, medical imaging, robotics, machining and semiconductor manufacturing, where accuracy, repeatability, and reliability are critical such a CMM machine (Figure 3). 
















Unlike incremental encoder systems, which require homing routines to establish position, the Resolute Encoder provides absolute positioning immediately upon startup, eliminating the need for recalibration. Encoders are electromechanical devices that translate information from one format or code to another. Renishaw's position encoders transform linear or rotary motion into an electrical signal that contains information about position, speed, and direction of motion (Renishaw, 2025).
In the Resolute department within Manufacturing Systems Division (MSD), a top-level project was initiated by Senior Management to ‘Uplift Capacity and Risk Mitigation’; increase capacity to 850off fully built Resolute Encoder products per double shift and remove any single point of failures within each process. This was due to an increase of customer orders and to facilitate the increasing number of operators that were working within the cell due to the order increase. 
One of the most critical steps in manufacturing Resolute Encoders and one of the many processes identified requiring duplication and improving within the top-level project was the Cable to Body assembly process. Cable to Body assembly process ensures the secure attachment of the encoder cable to the main encoder body. Figures 4 and 5 show how the cable ferrule is mechanically peened to the Resolute body and held in situ (peen deformation circled in Figures 4 and 5), the peening tool causes material from the body to fill a groove in the ferrule and create an interference fit.








This step is essential for maintaining mechanical integrity and ensuring stable electrical connectivity. The performance of the Resolute encoder depends on the integrity of its optical components. Exposure to particulates, condensation, oil or coolant ingress can impair resolution, introduce interpolation errors and can damage the encoder. A defective or misaligned Cable to Body assembly can result in mechanical failure of which the cable and ferrule can detach from the Resolute body through cyclic loading when installed into a machine, this causes leak failures and contamination can be introduced into the encoder and impair the function of the encoder. This will cause significant downtime for the customer as the encoder would have to be removed for the equipment and replaced introducing a significant cost to Renishaw at approximately £10,000 or the agreed cost in the contract between Renishaw and the customer.
There are two main Resolute encoders, Standard Resolute and Vacuum Resolute (Ultra High Vacuum). The Standard encoder is designed to be fully sealed whereby all atmosphere access points on the encoder is sealed by adhesive and the cable to body is sealed by compressing an O-ring between the ferrule and body within the cable entry hole. This is due to the environment at which the encoder will be subject to within machinery where contamination such as oil and coolant is present. The encoders are also leak tested within the process to ensure full seal for the entire encoder.
Vacuum Resolute encoders are required for customers that require ultra-high vacuum within their equipment and require significant cleanliness when assembling, this is to prevent the components within the encoder to be contaminated with compounds that may outgas during use making it difficult for the customer to draw sufficient vacuum. O-rings are not used for the Vacuum Cable to Body process due to the ultra-high vacuum compared to the Standard encoder. Instead, Vacuum Cable to Body process uses an interference fit between the cable ferrule and body, a minimum of 600N is required to push the ferrule into the Resolute body; 350N is required to push the outer ferrule past its initial section of interference and a minimum of 600 N is required to push the outer ferrule into the body completely. This ensures that the ferrule is secured completely to the body. 

Standard Cable to Body Jig

Standard Cable to Body Jig (RUK41825; jig identification number used by Renishaw) is used to assemble Standard Exit Resolute cable to body and Side Exit Cable to body assemblies. Figure 6 introduces an overview of the entire jig and Figure 7 shows the Standard ferrule clamp (left aluminium clamp) and Side Exit ferrule clamp (front aluminium clamp). The jig was designed in 2012 by the Encoders Product Division (EPD) design team to assemble both Side Exit and Standard exit bodies to reduce cost in designing and manufacturing two separate jigs for the products.
















The two varying Resolute body assemblies can be seen in Figure 8, Standard Exit Resolute on the left and Side Exit Resolute on the right. A customer can request either of the following cable exit orientations dependant on their equipment design. 










Both follow the same assembly process whereby the cable ferrule position block clamps guide the cable ferrule and O-ring into the Resolute body entry hole and held in place before penning but are clamped in different orientations as shown in Figure 9. Left clamp is for use with Standard product and front clamp used for Side Exit product.









The design specification for the jig in 2012 required the following which was created and written by the EPD team. The document is confidential therefore some of the essential specifications have been listed below:
One jig to work with both standard and side exit Resolute (not vacuum). 
O-ring between ferrule and body must be fully compressed (90±10N) prior to peening. 
Check O-ring is present before peening.
Interlock to prevent peening without fully engaging ferrule clamp.
Interlock to prevent opening ferrule clamp without peening.
Interlock to ensure peen is completed to full depth.
Peen depth: 0.65±0.15mm.
Peen 1.7±0.25mm from the inner edge of the body to the centre of the peen. 
It is essential for the peen to pass over the centre arc of the ferrule.
There should be zero gap between body and ferrule flange.
The peening tool was designed to be able to peen both Standard and Side Exit bodies therefore, required two separate peen formations on one tool due to the positions of the ferrules as seen in Figure 11.











Vacuum Cable to Body Jig

The second jig assembled and required in the cell is the Vacuum Cable to Body Jig (RUK40942), also to enhance production capacity and to improve quality and reduce scrap cost. Figure 12 is an image of the Vacuum Cable to Body jig. The set up and design of the jig differs to that of the Standard Cable to Body due to the Vacuum encoders requiring an interference fit as discussed in section 1.1. The ferrule clamp on the right is spring loaded with 2 heavy duty compression springs to aid the operator in pushing the interference fit ferrule into the cable entry hole.










The original jig design specification can be seen below; this is taken from a design review document by Renishaw (2012):
The jig is required to insert the Resolute Vacuum cable assembly (A-9779-1000) into the standard Resolute body. There is an interference fit between the outer ferrule (M-9779-0217) and Resolute body. The outer ferrule has a 2 mm ‘lead-in’ section to allow it to pre-locate over the hole in the Resolute body (shown in Figure 13).
As a second stage, the jig is also required to peen a section of the Resolute body into the groove on the outer ferrule (see cross-section below). This peen will not be very deep and will need to be carefully positioned; please refer to A-9779-PP0011 for an idea of the peening tool position.










Importance of the Cable to Body Process

The Cable to Body assembly process is a critical step in ensuring the functionality, durability, and reliability of the Resolute Encoder. If there are large gaps greater than 0.15mm between the ferrule and body post peening for Standard encoder products, the encoder will fail a leak test which is one of the final build operations within the product assembly line. This has been confirmed by testing completed by an Engineer within the Resolute Engineering team during the project to determine a gap tolerance to be able to salvage scrapped product. At the time of testing, there were 28 units that were deemed failures at Cable to Body process therefore 10% were tested from these failures to determine a standard of ferrule gaps. The results from this testing can be seen below in Table 1:
Table 1 – Results for Ferrule Gap leak testing (Renishaw, 2024)
Leak Test Results
Gap Category	Test Result
Minimal Gaps (up to 0.05mm) – Serial 5LTL29	PASS = -0.02 cc/m
Minimal Gaps (up to 0.05mm) – Serial 5LTL28	PASS = 0.00 cc/m
Medium Gaps (0.051mm - 0.1mm) – Serial 5LTL29	PASS = -0.02 cc/m
Medium Gaps (0.051mm - 0.1mm) – Serial 5LTH81	PASS = -0.01 cc/m
Extensive Gaps (0.11mm - 0.15mm) – Serial 5LTH89	FAIL = 0.16 cc/m


The approximate annual cost of quality for ferrule gaps for the Cable to Body process was £15,984 over all Resolute encoder variants in 2024 with a 6-month average of £8,994. In 2024, it was number 6 in the top 10 of failure modes as shown below in Figure 14 from the Cost of Quality monitoring report:













As stated in sections 1.1. and 1.1.1., product failing leak test are to be scrapped due to contamination risks in the field and the integrity of this connection directly affects several key performance factors:
Mechanical Durability: This has been discussed in Section 1.1. The ferrule to body connection must withstand operational stresses, including vibration, mechanical shocks, and thermal expansion. These factors are present within the environment of customer equipment and processes, weak connections may cause the cable to detach over time, leading to encoder failures in the field. Presently, customer failures have not been linked to this failure mode as ferrule gaps are captured within the standard process of the assembly by operators and leak testing within the Resolute process identifies these failures before they are shipped to customers.
Production Efficiency: A high defect rate in this process increases the need for rework, scrap, and manual inspections, all of which reduce throughput and increase manufacturing costs. Rework includes measuring each scrapped encoder with a 0.14mm feeler gauge to determine if the ferrule gap is a failure, this adds extra engineering labour and production labour. As seen in Figure 15, Resolute Cable Fitting (Resolute Cable to Body) is in the top 5 of rework hours accumulated. The sum of the rework hours for Cable to Body is 28.45 hours (Table 2). Current Labor cost is £61.44 per hour and incorporating this value to the sum of rework hours, total rework cost over 6 months is £1747.97.






Row Labels	Sum of Rework Hours
Resolute Inspection	37.25
Resolute Inspect and Peen	1.5
Resolute Cable Fitting	28.45

Table 2 - Sum of rework hours (Renishaw, 2024)						




Aim and Objectives

The aim of this dissertation is to address inefficiencies in the Cable to Body assembly process through the design, development, and validation of the duplicated Standard Cable to Body jig and Vacuum Cable to Body jig. These jigs are intended to enhance production efficiency, improve assembly precision, and reduce defect rates.
Objectives
Development and Validation of the duplicated Standard Cable to Body Jig (RUK41825):
The jig is implemented to increase production capacity while maintaining high alignment precision and consistency in the standard encoder assembly process.
Key focus areas include minimising ferrule gaps, improving peening accuracy, and reducing defect rates, all of which contribute to higher product reliability.
Validation involves quantitative performance comparisons, defect rate tracking, and operator feedback to assess usability and impact on workflow efficiency.
Development and Validation of the duplicated Vacuum Cable to Body Jig (RUK40942):
The Vacuum Cable to Body jig is specifically designed to meet the stringent assembly requirements for vacuum encoder components.
This jig must ensure precise ferrule to body alignment and contamination control to maintain vacuum compatibility.
Improving Overall Production Efficiency:
The new jigs aim to improve the assembly process, reduce manual adjustments by engineering, and enhance operator ergonomics, leading to shorter cycle times and lower labour demands.
A detailed analysis of process consistency and batch throughput will be conducted to quantify improvements.
Lowering Defect Rates by Enhancing Alignment Precision and Peening Consistency:
By refining jig design, alignment inconsistencies and peening defects can be significantly reduced.
This objective includes evaluating improvements in: 
Ferrule positioning accuracy to ensure a secure fit.
Peening uniformity to maintain mechanical integrity.
Cosmetic quality by minimising surface scratches.
Analysing Cost Savings and Quality Impact:
A Cost of Quality (CoQ) assessment will be conducted to measure the financial benefits of implementing the new jigs.
This includes analysing: 
Scrap reduction due to fewer defective units.
Rework cost savings by decreasing manual corrections.
Overall production efficiency gains contributing to reduced operational costs.

Timing Plan

Key steps such as jig development, replication, and documentation were completed concurrently where possible to reduce idle time and maintain project momentum. This strategic scheduling is consistent with the project management idea of parallel job execution, which is generally accepted in engineering project planning as a successful method for reducing lead times and improving workflow continuity (Kerzner, 2009). By overlapping dependent and independent phases such as physical jig development and preliminary dissertation drafting, resources are employed more efficiently, lowering the possibility of bottlenecks later.
The timing plan also included large time windows for major academic writing phases, particularly from November 2024 to May 2025, recognising the iterative and non-linear nature of dissertation development. Murray (2025) supports this approach, claiming that high-quality academic writing necessitates repeated draughting, contemplative editing, and regular supervisory feedback, all of which are aided by extended, parallel writing blocks. In contrast, tightly constrained writing timeframes frequently result in reduced critical involvement and less possibilities for correction (Carter, et al., 2012).
Furthermore, testing, analysis, and validation activities were strategically put between the hands-on development and final report phases. This sequencing ensures that real-world data and operator input directly contribute to the dissertation's proof basis. This technique is congruent with Deming's (2000) plan-do-check-act (PDCA) paradigm, which emphasises iterative improvement through structured feedback loops between planning, execution, and evaluation. The inclusion of process capability analysis, operator ergonomics, and destructive testing before writing the discussion and results chapters assures that the academic product is based on empirically confirmed conclusions.
While some models advocate for a strictly linear progression from design to documentation (Turner, 2009), this project used a more adaptable, concurrent engineering framework, which has proven particularly useful in time-sensitive academic and industry research initiatives. This methodology allows for continuous documenting, reflection, and process refinement throughout the development cycle, increasing both the efficiency and quality of deliverables. Table 2 provides the initial timing plan table and Figure 17 provides the Gantt Chart for the project.

Table 3 – Initial timing plan table (Barclay, 2025)
Phase	Start Month	End Month	Duration
Initial Problem Identification and Background Research	01/02/2024	28/02/2024	27.00
Requirements Gathering and Fixture Analysis	18/02/2024	18/03/2024	29.00
Design and Prototyping of Standard Jig (RUK41825)	01/03/2024	01/04/2024	31.00
Validation and Refinement of Standard Jig	08/04/2024	01/06/2024	54.00
Duplication and Validation of Vacuum Jig (RUK40942)	01/03/2024	01/06/2024	92.00
Operator Feedback and Ergonomic Review	02/06/2024	30/06/2024	28.00
Process Capability Analysis and Cpk Calculation	01/07/2024	30/09/2024	91.00
Dissertation Planning and Structure	30/09/2024	18/10/2024	18.00
Literature Review and Methodology Chapter	01/11/2024	18/05/2025	198.00
Work Carried Out and Results Documentation	01/11/2024	18/05/2025	198.00
Discussion, Strategic Analysis, and Conclusion	01/11/2024	18/05/2025	198.00
Final Proofreading, Formatting, and Submission	15/05/2025	18/05/2025	3.00




















Literature Review

This literature review explores the academic and industrial foundations that underpin the design, development, and validation of jigs in high-precision manufacturing. The review is structured around four themes: jig design, mechanical peening processes, manufacturing efficiency, and quality cost management. Each theme is examined in the context of its relevance to the development, validation and improvement of the Standard Cable to Body Jig (RUK41825) and the Vacuum Cable to Body Jig (RUK40942).

Overview of the Resolute Encoder System

The Resolute Encoder is a high-precision optical encoder system designed for applications requiring absolute position feedback with exceptional accuracy. This encoder is widely recognised for its ability to deliver sub-micron resolution, making it an ideal choice for industrial automation, semiconductor manufacturing, aerospace systems, and scientific instrumentation. Its advanced design eliminates many of the familiar challenges associated with traditional incremental encoders, ensuring high performance, reliability, and ease of use.
Key Characteristics of the Resolute Encoder
High Resolution and Precision: The system is engineered to deliver sub-micron accuracy, enabling precise motion control and ultra-fine positioning. This level of precision is crucial in applications where even the smallest measurement deviations can impact performance.
Immediate Absolute Position Feedback: Unlike incremental encoders, which require homing routines after power loss, the Resolute Encoder provides immediate position data upon startup. This eliminates downtime and increases operational efficiency, especially in applications requiring frequent power cycling or emergency stops.
Vacuum-Compatible Versions: Specially designed vacuum-rated models are available for contamination-sensitive environments, such as semiconductor fabrication, electron microscopy, and space applications. These versions incorporate low-outgassing materials and contamination control measures to ensure reliable operation in ultra-clean conditions.
Operational Stability in Extreme Conditions: The encoder is built to withstand harsh industrial environments, including temperature variations, vibration, and electromagnetic interference (EMI). This ensures stable performance in demanding sectors such as aerospace, robotics, and high-speed automation.

Jig Design and Engineering Principles

Jigs are mechanical devices used to guide, position, and support components during manufacturing processes. In manufacturing environments, jig design is crucial role in ensuring high product quality and consistency. Kalpakjian and Schmid (2022) state the need for stability, repeatability, and positional accuracy in jig design, particularly where dimensional tolerances are critical. Errors in fixture alignment can lead to failures further into the production process, including cosmetic damage and compromised mechanical integrity.
Boothroyd and Dewhurst (2010) advocate for ergonomically designed fixtures that reduce operator fatigue and variability, a key concern in environments requiring manual assembly. This is the case for the development of RUK41825 and RUK40942 which incorporated ergonomic considerations to enable ease of use while maintaining precise alignment, this is discussed further in section 4.1.2. regarding a redesign of the Standard Cable to Body Ferrule Block. The flexibility of jig design is further highlighted by Bi and Zhang (2001), who emphasise the benefits of reconfigurable fixtures in reducing changeover time and tooling costs in high-mix, low-volume production environments. While not reconfigurable, the jigs duplicated and assembled for this project implement modular clamping components, consistent with the literature on adaptable fixture systems.

Mechanical Peening

The peening process, used to create mechanical interference fit is fundamental in ensuring high joint integrity. In the Cable to Body process, peening deforms the encoders aluminium body into the recess in the cable ferrule to ensure retention. Degeuser et al., (2016) explain that control over the peening force and depth is vital to avoid introducing residual stress or deformation that may reduce component integrity. Research by Huang et al. (2013) further suggests that inconsistencies in peening can result in fatigue failures, particularly in components subject to mechanical or thermal cycling. These findings underline the importance of correct and consistent set-up of jigs in achieving repeatable peening performance. In the development of Standard Cable to Body and Vacuum Cable to Body, special attention was given to peen depth and initial peen position set-up, with subsequent validation through destructive testing and force measurement. This is discussed further in section 4.

Manufacturing Efficiency through Jig Improvement

Manufacturing efficiency in jig-based assembly lines is closely tied to the reduction of scrap and process variability. Lean manufacturing principles, as stated by Womack and Jones (1996), advocate for process simplification and error-proofing to improve capacity. Efficient jig designs reduce operator and Engineering intervention, and in the case of the Cable to Body process, simplify ferrule to body alignment and improve quality.
Baines et al. (2005) support the idea that jigs and fixture improvements directly contribute to lean outcomes by enabling higher process capability and reducing downtime. The jigs discussed in this project reduced cycle time by streamlining the clamping process on the Standard Cable to Body jig. Improvements also included improvements to operator usability on the Vacuum Cable to Body jig by reducing the force required for operators to push the interference fit ferrule into the body. This will be discussed further in sections 4. and 5.

Quality Cost Management and Process Control

Effective quality management in manufacturing requires not only inspection but also prevention through design improvements. Feigenbaum (1991) describes the cost of quality (CoQ) model, where prevention costs, such as those associated with improved fixtures, are offset by reductions in internal and external failure costs. This is one of the main objectives for the project as stated in section 1.3.
Juran and Godfrey (1999) support for investment in process reliability to minimise defect rates and rework. In the context of the project, the elimination or reduction of ferrule gaps, reduction of cosmetic defects, and improved peening precision align with the preventive strategies as stated by Juran and Godfrey (1991). These improvements should contribute to a reduction in scrap rates and improved First-Time Pass Yield in both Standard and Vacuum encoder assemblies. The literature also highlights the role of statistical process control (SPC) and design of experiments (DOE) in validating process improvements. Although DOE was not applied in this project, the iterative testing of jig set-up and peen tolerances reflects these methodologies. Montgomery (2020) emphasises that structured experimentation is essential for quantifying variation and achieving sustainable process improvements.

Application of Literature to Current Project

The themes examined in the literature review provide clear validation for the project's direction. Renishaw's internal engineering reports and performance reviews provided valuable insights into failure modes and operator challenges, which were effectively addressed through jig and process improvements. Furthermore, academic insights into fixture precision, peening control, and cost prevention models contributed to developing the project's validation and continuous improvement strategy.















Methodology

The methodology used in this project reflects a structured engineering approach to the design, development, validation, and implementation of the Standard Cable to Body Jig (RUK41825) and the Vacuum Cable to Body Jig (RUK40942). This section details the stages followed in the execution of the project, justifying each step with reference to academic literature and industry standards, while also addressing validation strategies and the justification of jig duplication.

Jig Duplication and Assembly

The first stage entailed duplicating existing jigs with original design documentation and conventional build techniques. Renishaw's Assembly Systems Group (ASG) executed this work, which included part procurement, fixture assembly, and first functional testing. The decision to duplicate rather than redesign from start was motivated by the need to remove single points of failure and align with rising demand, all while retaining design consistency and eliminating excessive engineering costs. This technique parallels Boothroyd and Dewhurst's (2010) design iteration model, in which tested configurations serve as a solid foundation for scaled replication.

Jig Handover to Resolute Engineering

Following initial assembly, both jigs were delivered to the Resolute product engineering team for final setup and validation. This stage entailed checking mechanical alignment, verifying peen tool functionality, and determining if the jigs met the operational tolerances required for production. The transition from ASG to engineering exemplifies cross-functional collaboration, a crucial component of concurrent engineering concepts (Ullman, 2010), which encourages iterative refinement across the design, testing, and deployment phases.



Standard Cable to Body Peen Set Up

After receiving the jig, Resolute engineers made essential modifications to the peening depth and location using alignment checks and destructive testing. Adjustments were required to improve the mechanical engagement of the ferrule inside the encoder body and address previous difficulties with over-peening and off-centred deformation. These improvements were confirmed with a calibrated drop clock gauge and a Mecmesin Force Tester (both mentioned in Section 4), in accordance with Montgomery's (2020) validation procedures. Historically, process tolerances required a nominal peening depth of 0.7 mm (±0.1 mm) with goal push-out forces above 200 N.

Standard Cable to Body Ferrule Placement Block Redesign

Engineering feedback showed further refinement was needed to the ferrule placement block, a subcomponent of the jig responsible for guiding ferrule insertion. The original configuration contributed to alignment inconsistencies and operator difficulty during insertion. A redesign was completed by the EPD team with the guidance of Resolute Engineering to improve mechanical guidance and repeatability. The updated block underwent visual inspection, destructive testing on scrap assemblies, and Vision Scope measurement of ferrule to body alignment. This iterative process exemplifies Juran and Godfrey’s (1999) emphasis on using process feedback to drive root cause elimination and long-term defect reduction.

Standard Cable to Body Validation

After mechanical refinement and block redesign, the full validation of the Standard Cable to Body Jig (RUK41825) was undertaken. Validation followed a structured method combining destructive testing, dimensional checks, and cosmetic inspection. Assemblies of scrap encoders were built by engineering following standard process for Cable to Body and measured for peen depth, position, and cosmetic compliance. Subsequently, a thirty-unit Standard Exit and Side Exit prove-out batches was assembled by operators under normal production conditions. 100% of the batch was inspected for ferrule gap and cosmetic defects, both by operators and engineers, confirming the jig’s readiness for production integration. See Table 4 for full validation Test Method used for validating the Standard Cable to Body jig:

Table 4 – Complete Cable to Body Validation Test Method (Renishaw, 2024)
Ref	Process 	Justification 	Check method 
2.1	Check that bench is ESD safe.	Products can be affected if bench is not grounded.		QA Calibration team to check the bench.
		2.2	Check that rig number RUK41825 is complete with all components.		Check required before continuing with rig set-up and validation.	Visual check, with comparison with first Standard Cable to Body jig so the set-up of the jigs is the same.
	2.3		Assembly of 10off scrap Standard cable to body in accordance with WI-09026 for destructive testing.	Assembly required to ensure that jig performs as it should.	Visual check of any ferrule to body gaps, ferrule must be flush to body.
	2.4			Assembly of 10off scrap Standard cable to body in accordance with WI-09026 for destructive testing.	Assembly required to ensure that jig performs as it should.	Visual check of peen position.	Measurement of peen on Vision Scope to see if peen footprint and depth is within tolerance in accordance with PMI00070.
	2.5		Assembly of 10off scrap Standard cable to body in accordance with WI-09026 for destructive testing.	Assembly required to ensure that jig performs as it should.	Perform push-out force test on ferrule in accordance with PMI00070.	Forces must be a minimum of 200N.
	2.6		Assembly of 10off scrap Side Exit cable to body in accordance with WI-09026 for destructive testing.	Assembly required to ensure that jig performs as it should.	Visual check of any ferrule to body gaps, ferrule must be flush to body.
	2.7			Assembly of 10off scrap Side Exit cable to body in accordance with WI-15768 for destructive testing.	Assembly required to ensure that jig performs as it should.	Visual check of peen position.	Measurement of peen on Vision Scope to see if peen footprint and depth is within tolerance in accordance with PMI00070.
	2.8		Assembly of 10off scrap Side Exit cable to body in accordance with WI-09026 for destructive testing.	Assembly required to ensure that jig performs as it should.	Perform push-out force test on ferrule in accordance with PMI00070.	Forces must be a minimum of 200N.
	2.9		Assembly of 2off prove out batch with 30off units for Side Exit and Standard Exit assemblies.	Assembly required to ensure that jig performs as it should.	Operator to assemble in accordance with WI-09026. 	Operator to inspect 100% of batch while assembling, engineer to 100% inspect after batch is completed.



Vacuum Cable to Body Set Up

In parallel with Standard Jig development, the Vacuum Cable to Body Jig (RUK40942) was set up by Resolute engineers. Although this jig was duplicated without design changes, precise setup was critical due to its use in cleanroom environments. Care was taken to align mechanical features and ensure that ferrule engagement was repeatable without excessive force. 

Vacuum Cable to Body Validation

Validation of the Vacuum Jig followed the same test plan used for the Standard Jig. Scrap encoder units were assembled and measured for peen depth, lateral position, cosmetic defects, and ferrule gap alignment. Push-out tests require that testing forces to exceed the 400 N minimum threshold. Upon successful validation, a thirty-unit prove-out batch was completed and evaluated through operator-led and engineering inspections.






Work Carried Out

This section outlines in detail the duplication, validation and improvement of the Standard Cable to Body Jig (RUK41825) and the duplication and improvement of the Vacuum Cable to Body Jig (RUK40942). 
 Standard Cable to Body Jig (RUK41825)

 Problem Identification and Objectives

The existing jig used in the standard Cable to Body process (RUK39565) was identified as a source of recurring production non-conformities. These included ferrule gaps, functional damage (damage to the bottom encoder datum face), peening inconsistencies, and variability in mechanical integrity, particularly in assemblies with Side Exit assemblies. Damage to the datum face of the encoder can significantly affect the required customer set up distance of the encoder to the scale at which it would be reading from. This would in turn affect the signal received and provide the incorrect position measurements.
From the use of Cost of Poor-Quality monitoring, which is conducted weekly between Engineering and Production, an analysis of this and a process walk-through indicated that jig clamping misalignment and poor set up of the peening position were the leading contributors to these defects. Informed by design-for-assembly principles by Boothroyd & Dewhurst (2010), who advocate for designing fixtures that allow for correct orientation and insertion of assemblies without operator and engineering adjustments, a proposal to improve the jig with the following objectives were discussed between Resolute engineering and EPD:
Eliminate ferrule gap defects through improved clamping and O-ring seating visual inspection prior to peening.
Enhance peening position with the use of a peening tool set-up aid.

Standard Cable to Body Peen Set Up

Based on observed peening misalignment deformation and leak failures in the legacy jig, further refinements were introduced to the peening process on the duplicate jig. The design specification of the peening process completed by EPD in 2012 state that the peening depth should be between 0.6mm – 0.8mm. For jig validation, the peen depth was averaging 0.79mm for Side Exit variants and 0.68mm for Standard Exit variants by the ASG team  by following the peen depth tolerance as stated above. By investigating previous preventative maintenance data collected from the legacy jig, the peen depth averages to 0.79mm for Side Exit variants and 0.74mm for Standard Exit variants. The legacy jig has a Cost of Quality (CoQ) 6-month average of approximately £2200 for leak failures. A root cause analysis identified over-peening as the main issue. Over-peening resulted in excessive material deformation around the cable entry hole on the Resolute body, compromising seal integrity. In response, the engineering goal was to change the peening depth to as close to 0.7mm (the nominal depth) for both Standard and Side Exit variations to minimise the risk of the duplicated jig creating the same CoQ associated with leak test failures.
This corrective strategy is consistent with the recommendations of Shigley and Mischke (2001), who emphasise that deformation-based joining methods such as peening must maintain a controlled depth to guarantee appropriate mechanical engagement without causing structural weakening or post-assembly warping. Excessive deformation not only reduces dimensional stability, but it can also produce residual stresses that contribute to long-term dependability issues. Also, Kalpakjian and Schmid (2022) emphasise the importance of process parameter control in mechanical fastening operations, pointing out that excessively aggressive deformation, while increasing mechanical locking, can reduce tolerance compliance and result in sealing inconsistencies in assemblies involving metallic inserts or ferrules. Both sources endorse the design intervention of standardising peening depth as a quality assurance strategy that maximises mechanical strength while maintaining sealing performance.
Peen Alteration and Testing

Following the root cause analysis, the peen press head was adjusted to decrease the travel of the peen tool. The peen depth was then measured after each unit processed through the Cable to Body operation. A Mitutoyo drop clock (see Figure 17) was used to measure the peen depth of each unit. The drop clock datum point was set as seen in Figure 18. The depth at the lower part of the peen was then measured as seen in Figure 19. The values were then recorded into Table 5.















The initial set up of 0.79mm and 0.68mm peen depth can be seen in Table 5. 
Table 5 – Initial jig set up peen depth and force results (Barclay, 2024)
Cable Variant	Peen Depth (mm)	Force (N)
Side	0.807	805
Side	0.786	803
Side	0.793	806
Standard	0.679	780
Standard	0.682	823
Standard	0.682	851


Table 6 provides the mean values for the peen depth and force for the initial jig set up.
Table 6 - Mean peen depth and mean force values (Barclay, 2024)
Cable Variant	Mean Peen Depth 	Mean Force (N)
Side	0.795	804.67
Standard	0.681	818


Tables 7 and 8 highlight the results of the peen depth and destructive force testing following the peen head adjustments to reduce the peen depth and deformation.
Table 7 – Post peen head adjustments test values (Barclay, 2024)
Cable Variant	Peen Depth (mm)	Force (N)
Side	0.675 	867
Side	0.667 	832
Side	0.676 	821
Side	0.683 	846
Slide	0.68 	804
Standard	0.67 	798
Standard	0.667 	801
Standard	0.67 	795
Standard	0.664 	860
Standard	0.662 	833


Table 8 - Mean peen depth and mean force values post adjustments (Barclay, 2024)
Cable Variant	Mean Peen Depth (mm)	Mean Force (N)
Side	0.68	834
Standard	0.67	817.4


The results from peen head alteration (Tables 7 and 8) show that when observing the Side Exit variant, the average peen depth decreased from 0.795mm to 0.68mm. When studying the Standard Exit variant, the average peen value decreased from 0.68mm to 0.67mm.
When analysing the force values (Tables 7 and 8), all force measurements are greater than the 200N tolerance. The average Side Exit force increased by 29.33 newtons following the alteration. The difference in peen deformation can be seen in Figures 20 and 21 below. In Figure 20, there is significant deformation around the peen whereas in Figure 21, only the peen deformation can be observed. These results are consistent with findings by Huang et al. (2013), who demonstrated that increased positional control for processes such as peening can significantly improve mechanical joint reliability and repeatability.













Standard Cable to Body Ferrule Placement Block Redesign

A comprehensive redesign of the ferrule placement block was completed using CAD software by EPD with the guidance of Resolute engineering. A tighter-tolerance seating profile was introduced to align the ferrule axially and constrain lateral movement during clamping. This would in turn improve the visibility of the ferrule and O-ring clamping prior to peening to ensure that they are correctly clamped flush to the Resolute body. These changes were influenced by a design strategy aligned with Kalpakjian and Schmid’s (2022) with an emphasis on tolerance control in fixture design.
The ferrule placement block was originally designed in the orientation as shown in Figure 22. The cable was placed into the ferrule placement from the top. This orientation made it difficult for the operators to inspect for sufficient clamping and ensuring the O-ring was set correctly between the ferrule and body. Figure 23 below shows the new design of the ferrule placement block which allows the operator to insert the cable into the front of the block which in turn improves cable placement for operators and improves visual inspection of O-ring placement. Once the new design was machined, as shown in Figure 23 the part was assembled to the jig. Following this, rigorous testing and validation was completed to ensure that the part improves on the previous mod-level item. 









Testing and Validation of Revised Ferrule Placement Block

Testing of the new Ferrule Placement Block included a visual check of Resolute bodies for damages/scratches, visual check of ferrule to body gaps and force testing using a Mecmesin Force Test (Figure 24) on five assembled scrap units using the new Ferrule Placement Block. The number of units to be tested on was decided by following the same monthly preventative maintenance instructions which included destructively testing five units.










To force test the scrap units, the Resolute bodies were required to be cut with a handsaw to be able to access the inner body to force the ferrule from the body.












The units were then placed on the Mecmesin as shown in Figure 27. The test was then initiated and results recorded into Table 9.










The visual inspection of test units and force testing of units in Table 9 show that the new Ferrule Placement Block was performing to a high standard as there were no Ferrule gaps, no Resolute Body damage and all push out force measurements were significantly higher than the minimum required; minimum result required, greater than 200N. Average measurement of test units 803.6N.
Table 9 – Ferrule Placement Block Test Units Results (Barclay, 2025)

Following the initial test units, a Prove Out Batch was completed through the jig to ensure that the new design can continue to perform correctly over an increased run rate. As shown in Table 10, there were no failures within the job.
Table 10 – Ferrule Placement Block Prove Out Batch test results (Barclay, 2024)
	Passed with no issues	Ferrule Gaps Present	Scratches on Body	Yellow Wire in Correct Position
Number of Units	30	0	0	30



Standard Cable to Body Validation
Once the jig alterations and component redesigns were completed on the jig, the final validation was undertaken. Following the same process as stated in sections 3.8.3 and 3.8.5., with the addition of further final inspections such as damage to assemblies during process, ferrule gaps and peen footprint measurements. Ten scrap units were assembled for both Standard and Side Exit variants by engineering and tested. See Tables 11 and 12 for results for both variants.

Table 11 – Destructive test batch Standard Exit results (Barclay, 2024)
Unit Number	Ref. 2.3.	Damage to Resolute Body during process? (Yes/No)	Ref. 2.4.	Ferrule Gap (Yes/No)	Ref. 2.5. 	Peen Footprint Measurements (mm) (Depth)	(0.6mm – 0.8mm)	Ref. 2.5. 	Peen Footprint Measurements (mm) (Width 0.6x Length 4.5)	Ref. 2.6. 	Force Test Measurements in Newtons (N)	(Minimum = 200N)
1	No	No	0.67	4.5 x 0.6	799
2	No	No	0.66	4.5 x 0.6	819
3	No	No	0.67	4.5 x 0.6	807
4	No	No	0.66	4.5 x 0.6	721
5	No	No	0.66	4.5 x 0.6	772
6	No	No	0.67	4.5 x 0.6	787
7	No	No	0.66	4.5 x 0.6	735
8	No	No	0.66	4.5 x 0.6	742
9	No	No	0.65	4.5 x 0.6	864
10	No	No	0.66	4.5 x 0.6	743
Average	N/A	N/A	0.662mm	N/A	768.9N


Table 12 – Destructive test batch Side Exit results (Barclay, 2024)
Unit Number	Ref. 2.3.	Damage to Resolute Body during process? (Yes/No)	Ref. 2.4.	Ferrule Gap (Yes/No)	Ref. 2.5. 	Peen Footprint Measurements (mm) (Depth)	(0.6mm – 0.8mm)	Ref. 2.5. 	Peen Footprint Measurements (mm) (Width 0.6x Length 4.5)	Ref. 2.6. 	Force Test Measurements in Newtons (N)	(Minimum = 200N)
1	No	No	0.67	4.5 x 0.6	799
2	No	No	0.67	4.5 x 0.6	790
3	No	No	0.66	4.5 x 0.6	774
4	No	No	0.66	4.5 x 0.6	762
5	No	No	0.65	4.5 x 0.6	714
6	No	No	0.67	4.5 x 0.6	801
7	No	No	0.68	4.5 x 0.6	787
8	No	No	0.68	4.5 x 0.6	796
9	No	No	0.67	4.5 x 0.6	814
10	No	No	0.68	4.5 x 0.6	798
Average	N/A	N/A	0.669mm	N/A	783.5N


The peen footprint was measured using a Vision Scope, below is an image of a Vision Scope which can accurately measure angles and sizes of components.








Operator Evaluation and Prove-Out Trials

Sixty production units were assembled using the Standard Cable to Body jig under full production conditions by an operator. This included full inspection of ferrule to body checks and cosmetic checks for thirty Standard Exit assemblies and thirty Side Exit assemblies. The inspection was completed by both operator and engineering. See below Table 13 for results of Side Exit assemblies:
Table 13 – Side Exit Prove Out Job results (Barclay, 2024)
Ref. 2.9. Results: Prove Out Batch - PB00013918 (Side Exits)
	Passed with no issues	Ferrule Gaps Present	Cosmetic Defects
Number of Units	30	0	0


See Table 14 for results of Standard Exit assembly results:
Table 14 – Standard Exit Prove Out Batch results (Barclay, 2024)
Ref. 2.9. Results: Prove Out Batch - PB00013920 (Standard Exits)
	Passed with no issues	Ferrule Gaps Present	Cosmetic Defects
Number of Units	30	0	0


Operator feedback was gathered by engineering through informal discussions, the operator reported improved visibility, reduced clamping effort, and shorter set-up times. These ergonomic improvements align with Wilson and Sharples (2015) findings on work design and usability, particularly in precision manufacturing environments. 

Duplication of the Vacuum Cable to Body Jig (RUK40942)

Jig Assembly and Set Up

Unlike the Standard Jig, the Vacuum Cable to Body Jig (RUK40942) was not intended to address failures. The existing vacuum jig (RUK39566) was deemed effective due to no failures being found associated with the Vacuum Cable to Body process when analysing CoQ data, but production capacity and single point failure necessitated a second Vacuum Cable to Body jig. 
The jig was assembled using the same components and specification as the legacy jig by the ASG team. The only adjustments made to the jig was to ensure that the clamping force was sufficient for ensuring a full load on pushing the interference fit ferrule into the body and improving operator use. Operator feedback regarding the legacy Vacuum Cable to Body jig provide that the force required to push the ferrule into the Resolute body would contribute to operator fatigue and in turn a health and safety audit deemed that operators should not operate the jig for more than 4 hours in a shift.

Vacuum Cable to Body Validation

Five scrap vacuum assemblies were constructed using the Vacuum Cable to Body jig and subjected to destructive push-out testing as previously completed and stated in the Standard Cable to Body validation. As seen in Table 15, all units significantly passed force push-out test. Minimum force required 400N on Vacuum products compared to the 200N on Standard Cable to Body; all measurements are greater than 700N. The 400N minimum tolerance for Vacuum products was introduced in the product design and this is due to the environment for which they operate, they require higher retention force due to the ultra-high vacuum pressures they will be operating in. All units passed peening depth and footprint checks. All peening depths were between 0.2mm – 0.4mm. Peen footprint measured at nominal measurements (1.00mm x 3.50mm).

Table 15 – Destructive test batch results for Vacuum scrap units (Barclay, 2024)

Unit Number	Ref. 2.3.	Damage to Resolute Body during process? (Yes/No)	Ref. 2.4.	Ferrule Gap (Yes/No)	Ref. 2.5. 	Peen Footprint Measurements (mm) (Depth)	(0.2mm – 0.4mm)	Ref. 2.5. 	Peen Footprint Measurements (mm) (Width 1.00 x Length 3.5)	Ref. 2.6. 	Force Test Measurements in Newtons (N)	(Minimum = 400N)
1	No	No	0.276	3.5 x 1.01	810N
2	No	No	0.291	3.5 x 1.01	803N
3	No	No	0.292	3.5 x 1.01	768N
4	No	No	0.286	3.5 x 1.01	856N
5	No	No	0.297	3.5 x 1.01	787N


Following the testing method of Standard Cable to Body, an operator was tasked to complete a thirty unit Prove Out Batch. The operator followed the Work Instructions for this process to complete the assembly of the units. Following 100% inspection of units, the operator found no ferrule gaps and no scratches or damages on the product. 100% inspection was also completed by Engineering for the Validation and no ferrule gaps or scratches present. The results for the Prove Out Batch can be seen in Table 16.
Table 16 – Results of Prove Out Batch completed by an operator (Barclay, 2024)
Ref. 2.7. Results: Prove Out Batch - PB00013371
	Passed with no issues	Ferrule Gaps Present	Scratches on Body
Number of Units	30	0	0


The zero-defect result across all measures indicates that the jig's mechanical and ergonomic features are effective for production operations. From a process validation standpoint, this satisfies ISO 9001:2015 criteria for production trial evidence and is consistent with Montgomery's (2020) validation methodologies, which highlight the importance of both destructive and functional validation in engineering trials.
















Results and Analysis

This section presents the comprehensive results of the validation and production implementation of both Standard Cable to Body Jig and the Vacuum Cable to Body Jig. It encompasses mechanical test outcomes, defect trend analysis, visual inspection results, operator feedback, and production efficiency metrics. These findings are discussed in relation to the project's original objectives and validated through comparison with academic literature and empirical data. 
Mechanical Performance Outcomes

Standard Cable to Body Validation Peen and Force Results

The mechanical strength of the ferrule-body connection, achieved through the peening process, was evaluated via destructive push-out force testing and peen depth. A batch of ten standard encoder units assembled using the duplicated Standard jig with measurements taken of the peen depth.
Duplicated Standard Cable to Body data:
Side Mean peen depth: 0.67mm
Side Range: 0.65mm – 0.68mm
Side variant Standard deviation: ±0.009mm
Standard Mean peen depth: 0.66mm
Standard Range: 0.65mm – 0.67mm
Standard variant Standard Deviation: ±0.005mm


Figure 29 - Side Exit peen depth graph (Barclay, 2025)


Figure 30 - Standard Exit peen depth graph (Barclay, 2025)

Legacy Standard Cable to Body data:
Side Mean peen depth: 0.794mm
Side Range: 0.793 – 0.797mm
Side variant Standard deviation: ±0.001mm
Standard Mean peen depth: 0.798mm
Standard Range: 0.796mm – 0.799mm
Standard variant Standard Deviation: ±0.001mm
Table 17 – Force and peen depth from the original Standard jig (Barclay, 2024)
Cable Variant	Peen Depth (mm)	Force (N)
Side	0.796	618
Side	0.794	657
Side	0.794	623
Side	0.797	639
Side	0.793	624
Side	Mean Depth: 0.794mm	Mean Force: 632.2N
Standard	0.799	867
Standard	0.796	752
Standard	0.799	719
Standard	0.798	696
Standard	0.796	680
Standard	Mean Depth: 0.797mm	Mean Force: 742.8N



Figure 31 – Side Exit peen depth graph; Legacy Jig (Barclay, 2025)


Figure 32 – Standard Exit peen depth graph; Legacy Jig (Barclay, 2025)

The duplicated jig produced lower and more regulated peen depths for both the Side Exit and Standard Exit variants. This decrease in peen depth in the duplicated jig is due to the intentional jig adjustments to prevent over-peening and the leak test failures as discussed in Section 4.1.4. The legacy jig maintained very tight control (as evidenced by its low standard deviation), but its average peen depths exceeded the required nominal specification of 0.7mm, resulting in significant distortion around the ferrule seating area.
The duplicated jig, although having greater variability (as evidenced by the increased standard deviation), kept all peen depths well within the acceptable tolerance range of 0.6-0.8 mm, with a constant trend towards the desired nominal of 0.7mm. The combination of precision and controlled deformation promotes mechanical retention and seal integrity.
Despite the reduced peening depth found in the duplicated jig, mechanical strength was not decreased. The average destructive force values were continuously higher. During validation testing, the duplicated jig produced average push-out forces of more than 800 N (see Section 4.1.3). This lends credence to the idea that mechanical retention was not dependent on excessive deformation, but rather on improved peen tool alignment and fixture stability both of which were addressed in the duplicated jig's redesign.
The improved consistency in the duplicated Standard Cable to Body jig results from more precise ferrule seating and improved alignment in the peening tool path. The outcome aligns with the findings of Huang et al. (2013), who state that interference fit quality improves with better deformation predictability. Jiang et al. (2014) investigated the effects of interference fit sizes on hole deformation and residual stress during hi-lock bolt insertion. Their findings indicated that as the interference fit size increases, the deformation becomes more predictable, leading to improved joint performance. This supports the notion that better control over deformation enhances the quality of interference fits.

Vacuum Cable to Body Validation Peen and Force Results

The replicated Vacuum Cable to Body Jig  was subjected to destructive mechanical validation to ensure replication accuracy in comparison to its predecessor. The analysis focused on peen depth uniformity and push-out force, which are two critical criteria for joint dependability in Ultra-High Vacuum (UHV) applications.
The duplicated Vacuum Jig also showed consistent mechanical results across five test units:
Vacuum Mean peen depth: 0.29mm
Vacuum Range: 0.276mm – 0.297mm
Vacuum Standard deviation: ±0.005mm

Figure 33 – Vacuum peen depth graph (Barclay, 2025)

Results were also taken for the legacy Vacuum Cable to Body jig to be able to compare results and determine if the duplicate jig performs similar. Table 18 shows the peen depth and force results of five units tested.
Legacy Vacuum Mean peen depth: 0.29mm
Legacy Vacuum Range: 0.268mm – 0.311mm
Legacy Vacuum Standard deviation: ±0.009mm

Table 18 – Force and peen results of legacy Vacuum jig (Barclay, 2025)
Unit Number	Peen Depth (mm)	Force (N)
1	0.268	821
2	0.311	836
3	0.305	799
4	0.298	864
5	0.301	803
Mean:	0.2966	824.6



Figure 34 – Peen depth graph for legacy Vacuum jig (Barclay, 2025)

The average peen depth recorded on the replicated jig was 0.29 mm, which was exactly the goal depth observed in the heritage fixture. The duplicated jig had a narrow range (0.276-0.297 mm) and a standard deviation of ±0.005 mm, demonstrating great control over process variability.
In comparison, the legacy jig had a wider range of values (0.268-0.311 mm) and a greater standard deviation (±0.009 mm). While both jigs produced peen depths within the acceptable tolerance window (0.2-0.4 mm), the duplicated jig showed better process repeatability and tighter clustering of data points, as seen in Figure 33.
This improvement is particularly crucial in vacuum conditions, where excessive peening might cause particulate contamination or micro-cracking, but insufficient peening can jeopardise ferrule retention. The duplicated jig's tighter tolerance control promotes enhanced reliability, which is consistent with Kalpakjian and Schmid's (2022) findings that reduced variation in mechanical fastening leads to greater dimensional conformity and a lower likelihood of assembly failure.



Destructive force testing showed a mean push-out force of 804.8 N on the duplicated jig, with a range of 768 N to 856 N and a standard deviation of ±29.17 N. In comparison, the original jig produced a slightly greater mean force of 824.6 N, with a range of 799 N to 864 N. Although the average value for the duplicated jig is slightly lower, all results greatly exceed the minimum requirement of 400 N for Vacuum encoder assembly.
The measured force variation is within acceptable limits and can be due to minor discrepancies in cable preparation rather than jig set up. The similarity in overall range and central trend demonstrates that the duplicated jig maintains the original jig mechanical durability, which is crucial given the high sealing requirements of UHV components.

Peening Footprint Accuracy

Peen geometry and placement was measured using a Vision Scope microscopy. These measurements were used to validate the uniformity and accuracy of the deformation applied by the peening tool on both Standard Cable to Body and Vacuum Cable to Body.
Standard Cable to Body peen footprint measurements is required to be 4.5mm x 0.6mm according to the product and jig design brief completed by EPD. Once all test units were assembled, measurements were taken of the peen footprint prior to destructive testing. The peen position was measured on 5 Side Exits and 5 Standard Exits, the Vision Scope was used to measure from the left wall of the body to where the peen begins and from the bottom body wall to the bottom of the peen as shown in Figure 35 below:









Table 19 shows that the Standard Exit peen footprint were all consistently measuring at the required values.
Table 19 – Standard Exit peen footprint measurements (Barclay, 2024)
Unit Number	Ref. 2.5. 	Peen Footprint Measurements (mm) (Width 0.6x Length 4.5)
1	4.5 x 0.6
2	4.5 x 0.6
3	4.5 x 0.6
4	4.5 x 0.6
5	4.5 x 0.6


The level of control achieved is critical to the stability of the press-fit joint. According to Degeuser et al. (2016), deviations greater than 0.1 mm can induce asymmetrical stress patterns, increasing the risk of early joint fatigue or dimensional instability. The ability of the new jig to maintain consistent peening geometry underpins its improved mechanical and cosmetic results.
The Vacuum Cable to Body peen footprint assemblies were also measured and compared to the required value from the design brief. Due to the peen tool design differing from the Standard Cable to Body as less deformation is required due to the interference fit of the ferrule to body, the required value is 3.5mm x 1.00 mm. 
Table 20 – Vacuum test units peen footprint results (Barclay, 2024) 
Unit Number	Ref. 2.5. 	Peen Footprint Measurements (mm) (Width 1.00 x Length 3.5)
1	3.5 x 1.00
2	3.5 x 1.00
3	3.5 x 1.00
4	3.5 x 1.00
5	3.5 x 1.00



As observed in Table 20, the peen footprint measured at the required measurements showing that the jig is set up and performing as it should in comparison to the duplicated Standard Cable to Body jig. See Figure 36 for peen profile for Vacuum assemblies.

Production Validation and Process Capability

Standard Cable to Body Prove-Out Batch Performance

Two batches of thirty encoder assemblies each were completed using the new and duplicated jig. Each assembly underwent full production line quality assurance, including ferrule gap inspection, leak testing and visual cosmetic inspection.
Table 21 – Prove Out Batch completed for Standard and Side Exit (Barclay, 2024)
Variant	Batch Size	Pass Rate	Ferrule Gap Defects	Cosmetic Issues	Leak Failures
Standard Exit	30	100%	0	0	0
Side Exit	30	100%	0	0	0


The 100% first time pass rate (FTPR) represents a marked improvement over previous averages of 80 - 85% observed in standard production on the legacy jig. This increase directly contributes to higher throughput and reduced rework which in turn reduces CoQ. The results validate the upstream improvements made to fixture alignment and operator interaction with the jig and process.
This result is consistent with the ideas given by Dale and Plunkett (1999), who emphasise that identifying and evaluating quality costs such as preventive, appraisal, and failure costs is crucial for targeted quality improvement and cost reduction. Their method recommends for a structured CoQ program to help identify opportunities for quality improvement and cost reductions. In comparison, Juran's Quality Handbook (1999) depicts the Quality Cost Curve, which shows that as conformance quality improves, prevention and appraisal costs rise linearly but failure costs fall drastically. When conformity is 100%, the total CoQ hits its lowest point, highlighting the importance of investing in preventive steps to attain optimal quality at the lowest overall cost.

Defect Rate Reduction

Defect rate comparisons from the six months preceding the jig upgrades were extracted from internal CoQ records:
Ferrule gap defects (Legacy Standard Cable to Body jig): 0% - 20% failure rate per thirty-unit batch jobs. £15,984 over all Resolute Standard encoder variants in 2024 as shown in Section 1.2.
Cosmetic damage (surface scratches from the jig): 2% failure rate per thirty-unit batch jobs. This was a failure mode of which was caused by the original Ferrule Placement Block where the cable was placed and fed from the top on the legacy jig. Once the ferrule was peened in place, the operators would struggle to remove the cable and slide the body from the nest while catching the Resolute body on the nest and causing slight scratches. As previously shown in section 4., this failure has now been resolved following the Ferrule Placement Block re-design which allows the operator to remove the cable and body in one motion.
The post-implementation defect rates dropped to 0% across all failure modes in the trial batch for the Standard Cable to Body and Vacuum Cable to Body. These reductions validate that the underlying causes of previous failures such as ferrule misalignment, over-peening, and inconsistent clamping were effectively addressed through the redesign and deployment of the duplicated Standard Cable to Body jig. According to Juran and Godfrey (1999), eliminating root causes of variation through design intervention represents one of the most sustainable and cost-effective approaches to defect prevention, shifting quality control from reactive inspection to proactive process improvement.
To further understand the improvements and to analyse the process capability, the process capability index (Cpk) was calculated for both Standard Cable to Body jig and Vacuum Cable to Body jig based on the peening depth, as this is the main feature that determines if the process and assembly is stable as stated many times within the document (Table 22). With the current peen depth tolerances in place which are 0.6mm – 0.8mm for Standard Cable to Body and 0.2mm – 0.4mm for Vacuum Cable to Body. The Standard Cable to Body process has a Cpk of 3.67, which is much higher than the industry standard of 1.33 for a competent process. This suggests tight process control, excellent centring within a narrow tolerance range, and minimal variance in execution.
In contrast, the Vacuum Cable to Body jig has a Cpk of 0.52, which is below the acceptable capability criterion. This indicates that the process is not adequately centred or closely managed in relation to the tolerance limits. The broad standard deviation (±0.059 mm) indicates increased variability in peening depth and greater sensitivity to issues like operator influence, tool wear, and jig setup errors. This conclusion reinforces the necessity for more refining or process control improvements in the Vacuum Jig application. This could entail enhancing clamping repeatability, increasing tooling precision, or tightening work instruction tolerances.
Table 22 – Cpk values for both Standard and Vacuum peen depth (Barclay, 2025)
Unit Number	Standard Peen Depth (mm)	Vacuum Peen Depth (mm)
1	0.67	0.276
2	0.66	0.291
3	0.67	0.292
4	0.66	0.286
5	0.66	0.297
6	0.67	N/A
7	0.66	N/A
8	0.66	
9	0.65	
10	0.66	
LSL	0.65	0.2
USL	0.67	0.4
Mean 	0.66	0.291714286
Deviation	0.00544642	0.05902689
Cpk	3.672137	0.517923752


The industry standard for Six Sigma performance is a Cpk of 1.33 or higher for capable processes. As Montgomery (2020) points out, a high Cpk value implies that the process not only fulfils specification limitations but also has great centring and minimum spread, which is crucial in high-precision manufacturing situations like encoder assembly. 
In contrast, Ishikawa (1985) emphasises that robust process capability can only be achieved when design and operational controls work together to reduce variability at the source. His quality views also encourages cross-functional problem-solving and continual improvement, as evidenced by the redesign and validation method used for the jig implementation. But due to the low Cpk found on both jigs regarding peen depth, further future work is required to improve on this. Similarly, Crosby (1979) contends that obtaining zero faults should be viewed as a practical outcome of well-designed preventative procedures rather than an idealistic aim. The increase in first-time pass rate (FTPR) from an average of 85% to 100% after jig redesign shows Crosby's notion that quality is free and that investment in prevention generates exponential returns by lowering rework and failure costs. Even as the Cpk is low, the jigs are performing the process as they should and are an improvement on the legacy jigs due to the change in FTPR from 85% to 100%.
Operator Feedback and Ergonomic Assessment

Operator feedback was acquired through direct observation of the Cable to Body assembly process and structured talks with experienced operators who had previously used the legacy jigs. The information gathered was utilised to assess usability, ergonomic efficiency, and potential effects on production quality.
One of the most notable themes was increased visibility while positioning the ferrule and encoder body within the nest. Operators regularly stated that the modified jig allowed greater access and line-of-sight to the seating components. This modification reduced the possibility of ferrule misalignment, which was a common source of quality faults in from the legacy jig. Enhanced visibility promotes lean principles by decreasing non-value-adding modifications and boosting first-time assembly accuracy, as emphasised by Womack and Jones (1996), who advocate for work simplification as a waste reduction strategy.
The second area of improvement highlighted by operators was clamping effort. Mechanical clamping in the duplicated Vacuum Cable to Body jig (RUK40942) required significantly less force than the predecessor. This reduction is due to improved fixture stability and the use of new mechanical components that reduce previous causes of jig movement. Previously, the clamp in the legacy jig exhibited moderate instability, resulting in ferrule-body misalignment and necessitating operators to exert more physical force during insertion. As Wilson and Sharples (2015) describe, such repetitive forceful operations are known contributors to musculoskeletal strain, with ergonomically inefficient tooling being a primary component in operator fatigue and injury risk. The duplicated jig overcomes these problems and is consistent with modern ergonomic standards for industrial tools.
The third theme dealt with cycle time. Operators indicated that the Standard Cable to Body assembly could be shortened by approximately ten seconds per unit due to fewer manual re-alignments of the ferrule and O-ring. However, later discussions with engineering and production management revealed that no official reduction in takt time would be adopted currently but is a recommendation for future work to reduce production cost and assembly. This choice was based on the importance of precision and quality at this vital stage of the manufacturing process, where small alignment errors could lead to downstream issues and failures regarding cosmetic issues and ferrule gaps. This method reflects a balanced view of lean manufacturing principles, speed is crucial, but it must not jeopardise product conformity or functional integrity (Slack et al., 2010).
Operator feedback emphasises the importance of a user-centred approach to jig design, indicating that careful ergonomic considerations have a direct impact on manufacturing performance. The new jig design helps operators execute the operation more consistently and properly by increasing visibility, lowering physical effort, and simplifying alignment chores. This not only reduces human-induced variability and assembly errors, but it also increases operator comfort and pleasure, both of which are intimately related to prolonged concentration and reduced tiredness during long hours. These findings are consistent with the principles of lean manufacturing (Womack & Jones, 1996) and ergonomic work design theory (Wilson & Sharples, 2015), which state that systems designed with the end user in mind have higher reliability, process stability, and long-term operational efficiency.




















Discussion

This section interprets the results of the validation and implementation of the Standard Cable to Body Jig (RUK41825) and the Vacuum Cable to Body Jig (RUK40942) in the context of the project’s original aims, literature findings, and broader manufacturing implications. The analysis provides insights into the effectiveness of the jig redesign and duplication strategies, their impact on process capability, and considerations for future improvements.
Strategic Implications and Lessons Learned

The Standard and Vacuum Cable to Body jigs were developed, validated, and implemented, yielding various strategic insights that may be used to a variety of manufacturing situations. These findings emphasise the significance of fixture design, operator engagement, and process analytics in promoting continuous improvement and operational excellence.
One of the primary takeaways from the project is the impact of design-for-assembly (DFA) principles on mechanical performance and quality. The new Standard Cable to Body jig (RUK41825) addressed previous quality failures by focussing on factors such as ferrule alignment and peening tool precision. This supports Boothroyd et al.'s (2010) emphasis on how well-executed DFA improves manufacturability while simultaneously lowering quality expenses by preventing common assembly failures.
Second, the combination of empirical validation, such as destructive push-out force tests and dimensional inspection of peening features, gave strong proof of performance consistency. These empirical methodologies allowed process quantification using statistical tools like the process capability index (Cpk). This approach adheres to Montgomery's (2020) framework for merging quality control and statistical analysis to ensure repeatability in high-precision processes.
To further assess process capabilities, Cpk was determined using peening depth measurements, which are recognised throughout this research as a fundamental indicator of joint integrity and process stability. With specification limits of 0.6 mm to 0.8 mm for Standard Cable to Body and 0.2 mm to 0.4 mm for Vacuum Cable to Body, the findings revealed that the present Cpk results (3.67 for Standard and 0.52 for Vacuum) show that, the Standard Cable to Body is sufficiently capable for the process however the Vacuum Cable to Body jig, while mechanical performance met short-term validation targets, more process refinement is needed to increase repeatability and reduce variation.

Limitations

Although the validation and deployment of the Standard and Vacuum Cable to Body jigs provided useful insights and verifiable process improvements, numerous limitations were discovered, limiting the project's long-term findings.
A significant restriction is the scope and size of testing. The validation experiments were carried out with discarded assembly units and a limited prove-out batch of thirty production assemblies per encoder variation for the final validations. While this sample method was adequate for demonstrating short-term repeatability and process stability, it lacked the statistical accuracy required to evaluate long-term variability and reliability. According to Montgomery (2020), process capacity and performance indicators like Cpk should ideally be validated using large samples to account for natural variation and external factors. Future research should involve extended production trials, ideally spanning numerous shifts and manufacturing cycles, to guarantee the reliability of the results.
Another obstacle was the lack of a defined Design of Experiment (DOE) technique. Peening parameters such as depth and tolerance were adjusted utilising iterative, trial and error techniques based on mechanical test findings. Although useful for determining a functional working range, this method lacks the statistical rigour and efficiency of a DOE framework. According to Box et al. (2005), the application of factorial or response surface DOE can greatly improve process tuning by showing interaction effects and allowing the identification of optimal parameter combinations within specified limitations.
Future developments may also investigate ergonomic and automation enhancements. For example, incorporating torque-limiting clamping systems could reduce operator variability by ensuring that constant mechanical pressure is provided during jig engagement. These technologies have been demonstrated to enhance repeatability and reduce operator error, especially in semi-manual assembly environments (Wilson & Sharples, 2015). Furthermore, the transition to semi-automated peening solutions, such as servo-controlled or pneumatic peening modules, provides an opportunity to standardise the process and reduce manual handling needs, hence supporting lean production goals (Womack and Jones, 1996).
Timing Plan and Time Management 

Even though the jigs were tested and validated on time, major delays occurred throughout the dissertation writing phase. Most of the dissertation's documentation, analysis, and final composition were not done until April or May. This was mostly due to competing demands from personal commitments and professional work responsibilities, which reduced the amount of time available for steady improvement during the previous months. As a result, some sections of the dissertation may have been prepared under time constraints, compromising depth or clarity in specific areas. Part-time or working students have similar issues in reconciling academic requirements with external obligations, which can have a substantial impact on time allocation and productivity (Khan et al., 2020).

Future Considerations and Recommended Further Work

While the newly created Standard and Vacuum Cable to Body jigs have resulted in significant gains in process uniformity, mechanical integrity, and operator use, there are still various opportunities for further development that could increase their operational impact and long-term value.
A new peening tool set-up aid was designed and machined. This will aid in aligning the peening tool with a centralised axis relative to the ferrule recess for both Standard and Side Exit bodies. This tool aimed to reduce subjective manual set up of the peening tool and ensure repeatable deformation across all Resolute body variants. The set-up aid was designed by EPD and machined in-house, it now requires testing and implementing on the Standard Cable to Body jig.
As a separate task from the project, spare equipment was to be ordered for the Vacuum Cable to Body jig to ensure that any equipment failure can be resolved and changed with minimal downtime. While investigating the peen tool drawing prior to requesting spares, it was seen that the drawing stated that the peen tool tip should be 0.2mm nominal shown in Figure 37 and this in turn would only create a 0.2mm peen deformation as to the nominal value of 0.3mm. An investigation into this was completed and it was found that during the final design prove out of the legacy jig, it states that the peen tool was machined to 0.3mm but the drawing was not updated to match this change.
Therefore, the drawing was updated to match the 0.3mm measurement and new peening tools were ordered.











One such area is the improvement of peening tool design. Although the current setup provides the necessary mechanical performance, additional optimisation of tool shape and material composition may reduce wear and increase service life. Davim (2010) discusses the use of sophisticated surface coatings such as titanium nitride (TiN) or diamond-like carbon (DLC) to improve tool hardness and thermal resistance, resulting in shorter maintenance intervals and more consistent peening deformation over time. Additionally, finite element modelling (FEM) could be used to simulate stress distributions during the peening process, allowing for predicted design changes to increase tool life and joint performance.
A second potential exists in the incorporation of automation technology into the Cable to Body assembly process. Robotic systems combining vision-guided placement and servo-driven peening actuators could dramatically minimise operator variability while increasing throughput (Chan and Cheng, 2021) as shown in Figure 38. Zhang et al. (2015) found that automation in precision joining applications can improve repeatability and reduce rework rates, particularly where human dexterity is a limiting issue. Incorporating closed-loop feedback for force management during peening could also result in uniform deformation, boosting process capability (Cpk) across production runs.







Conclusion

The Standard Cable to Body Jig (RUK41825) and the Vacuum Cable to Body Jig (RUK40942) were designed, developed, and validated to significantly improve the quality, consistency, and efficiency of Renishaw's Resolute encoder assembly process. This dissertation aimed to address major challenges in assembly repeatability, defect rates, and operational risk using a structured technique based on engineering literature, empirical testing, and operator input.
The replicated Standard Cable to Body jig demonstrated increased process dependability, as proven by better push-out force averages, consistent peening depth, and the removal of ferrule gaps, all of which were contributing factors to previous quality failures. Adjustments to the ferrule placement block and peen tool settings resulted in significant increases in mechanical strength and cosmetic conformance. These findings are supported by higher First Time Pass Rates (FTPR) and lower CoQ measures, which validate the engineering and ergonomic decisions incorporated into the jig redesign.
Similarly, the Vacuum Cable to Body Jig was successfully copied to fulfil high-precision and cleanroom assembly requirements. Although not changed, the validation confirmed the original jig's dimensions and mechanical accuracy. The duplicated jig met all criteria, including tight peen depth tolerances and push-out force performance, reducing the production risk of key tooling failure at a single location.
The use of both jigs has resulted in statistically significant reductions in assembly variability, as evidenced by lower standard deviations and higher Cpk values, though the Vacuum jig is still below Six Sigma thresholds, indicating space for future improvement. The dissertation also revealed that fixture improvements are directly related to cost savings, reduced rework, enhanced ergonomics, and increased operator satisfaction, which aligns with fundamental principles from lean manufacturing, DFA techniques, and quality management frameworks.
Furthermore, the conclusions of this study have broader applicability. The ideas and validation procedures utilised here might be applied to other assembly phases of the encoder manufacturing line, helping Renishaw achieve its goals of standardisation, scalability, and risk mitigation. Future research should investigate the integration of automation, formal DOE techniques, and long-term fatigue modelling to improve process capabilities and operational robustness. In conclusion, this dissertation emphasises the significance of precise fixture engineering, thorough validation, and continual improvement in achieving excellence in high-performance production. The initiative not only met immediate quality and capacity requirements, but also created the framework for long-term, enterprise-wide optimisation.
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Peen Depth Graph Standard Exit Testing (Legacy Jig)
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Peen Depth Graph Legacy Vacuum Jig
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