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[bookmark: _Toc165200614]Introduction

Renishaw is continuously looking to improve the quality of their parts and maintain that great reputation for high quality parts for their customers. Six Sigma is a great tool to solve issues which may be affecting Renishaw’s quality output. This approach, which is based on statistical tools and data-driven analysis, is essential for any organisation that wants to achieve significant operational excellence and quality improvements.

The current project aims to address quality problems with the ' PRIMO LTS Stylus Assembly (A-5475-0205-08) that have affected customer satisfaction and raised return rates. Specific issues have been observed over the last eight months, such as the Stylus Tip (M-5475-0225) coming detached from the Tip Attachment (M-5475-0224). This flaw seriously jeopardises not just the dependability and functionality of our products but also our brand's reputation and bottom line. The accumulation of feedback from customers and return cases—CA00146062, CA00140758, CA00140603, CA00132054, and CA00129754 in particular—has made an organised strategy necessary to properly address and correct these issues.

The DMAIC (Define, Measure, Analyse, Improve, Control) approach will be used in this Six Sigma project to pinpoint the underlying causes of these problems, suggest, and carry out long-term fixes, and set up reliable control mechanisms to stop them from happening again. The project intends to improve the assembly process by utilising techniques like Process Mapping, Pareto Charts and Fishbone Diagrams. This would lower defects to a statistically minimal level and win back customer trust.
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[bookmark: _Toc165200616]Problem Statement

The PRIMO LTS Stylus Assembly (A-5475-0205-08) used in our devices has been the subject of customer concerns over the past eight months, including case CA00146062. These reports point to a recurrent problem with the assembly quality. Particularly, during routine operational use, the Stylus Tip (M-5475-0225) has come detached from the Tip Attachment (M-5475-0224), resulting in product returns and dissatisfied customers. Before this return there had been four other failures in the market which were recorded in cases CA00140758, CA00140603, CA00132054 and CA00129754 The unit was returned by a customer, and on December 5th, 2023, this issue was noted for further research. The stylus assembly flaw compromises our products' reliability and performance, which could harm our brand's reputation and raise expenses for returns and repairs. 

[bookmark: _Toc165200617]Process Mapping
The process was mapped to allow for clarity on the process, visualizing the process helps understand the sequence of activities and how they work together. This also helps identify any bottlenecks within a process. The process for the assembly is summarised below:

· Cleaning in the Miskin Cleaning Tank
· Cleaning with a Lint Free Cloth and Acetone
· Applying between 0.09g and 0.11g of adhesive Henkle Loctite EA9461 (P-AD02-0033)
· Rotating the parts together to spread the adhesive (Figure 1).
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· Placing the units in T-95090 (Figure 2) to compress the parts together during the 24-hour cure. 
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· A ‘Within tolerance measurement’ check using digital Calipers.

To allow for a more visual understanding of a process the following process flow diagram (figure 3) was constructed: 


[image: A diagram of a work flow
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[bookmark: _Toc165200618]Voice of the Customer/ Critical to Quality

To begin the process the customer first had to be identified. The customer is external to the company where the Primo LTS kit is used within CNC machines to calculate the length of the tooling being used. The Primo LTS kit is designed to operate within a machining environment, therefore required to be resistant to swarf and coolant ingress. (Renishaw, 2021)


To understand the voice of the customer I followed the Kano method, which helps provide a deeper understanding of the customer's preferences and expectations. The Kano method then helps categorise these features into what will either significantly enhance customer satisfaction or prevent dissatisfaction (Qualtrics, 2023). 

Due to the nature of the project I spoke to 5 of the machinists within Renishaw’s machine shop who use the tooling as part of their process. The following questions were asked:
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[bookmark: _Toc165212302]Figure 2: Voice of Customer Questions

	 
From the answers submitted by the small group of machinists I ranked the following key features into what is delighters and basic attributes. 


Key features and Benefits: 
· High Resistance to Environmental Factors - Basic 
· Shock and Vibration Immunity - Basic
· Long-Term Operational Reliability - Basic
· Low Maintenance - Delighter.
· Consistent and Reliable Tool Setting – Basic
                                       [image: A diagram of a performance diagram
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[bookmark: _Toc165212303]Figure 3: Kano Model	
                                                                         	(dmexco, n.d.)


The kano method allowed to identify what is Critical to Quality (CTQ). However, due to the focus of the project we can take the following attributes and ensure that they are being met during the assembly of the Primo LTS stylus. 

Must Be Requirements: 
· High Resistance to Environmental Factors 
· Long-Term Operational Reliability 
· Consistent and Reliable Tool Setting 
Performance:
· Shock and Vibration Immunity
Delighters:
· Low Maintenance

These requirements will be considered when carrying out the investigation. 
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	Project Name
	Primo LTS Stylus Failure Investigation  

	Project Charter Author
	Taylor Davies

	Start - End Date 
	Jan 2024 – Apr 2024

	Project Problem Statement
	The PRIMO LTS Stylus Assembly (A-5475-0205-08) used in our devices has been the subject of customer concerns over the past eight months, including case CA00146062. These reports point to a recurrent problem with the assembly quality. Particularly, during routine operational use, the Stylus Tip (M-5475-0225) has come detached from the Tip Attachment (M-5475-0224), resulting in product returns and dissatisfied customers. 

	Business Case
	The project is important to do as it is vital that the process can manufacture these assemblies with a low failure rate due to material is expensive to scrap.

This also fits with the companies targets to reduce Cost of Quality by 20% across the business while maintaining the mentality of continuous improvement.

	Project Goal Statement
	The goal is to determine the root cause to the detachment of the stylus tip to the attachment. This will also reduce scrap costs and guarantee customer satisfaction.

	Project Scope
	The scope to find the root cause of the detachment issue. It is in scope to implement or change the process to benefit the bond strength of the assembly. It is in scope to suggest potential design changes if thought needed. Also, it is in scope to train the operators on process if proven the root cause is personnel. However, it is not in scope to redesign manufacturing cell due to floor space and also it is not in scope to let staff go. 

	Project Plan and Milestones
	January 2024: Define the project.
February 2024: Collect variable and Attribute Data. 
March 2024: Analyse data using tools and techniques.
April 2024: Implement Improvements and carry out trials

	Role and Responsibilities 
	Project Lead: Taylor Davies
Project Engineer: Taylor Davies
Project Supervisor: Alun Lloyd
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[bookmark: _Toc165200621]Identify Measurement and Variation

It is important to identify what measurements can be taken to identify the root cause of the failures. 
During the current process it is important to measure the following:
· Number of failures of the past year from the ‘Pull Test (Nm)’
· Recorded failure values in Newtons – results from ‘Pull Test (Nm)’
· Pull Test (Nm) of remaining assemblies in stock.

In addition to these measurements, it is also important to identify the variation within the process. Variation is typically seen within a standard process due to several different factors; this variation could result in failure which may result in customer dissatisfaction. The following variation has been identified from the process map and a process walks:
· Operator Assembly Techniques
· The material quality
· Curing time
· Amount of Glue used to bond the Stylus.
· Environment
· Jigs & Fixtures

[bookmark: _Toc165200622]Determine Data Type

There will be two types of data used within this project. 

Attribute Data will show the number of failures over the past year and any failures identified during a stock check. 

Variable data will be used to state how much each failure failed by in newton meters to gain an understanding of the range of failures.

[bookmark: _Toc165200623]Develop Data Collection Plan

	What 
	Why
	Who
	How
	When
	Where 

	Number of failures of the past year from EOL Pull Test (Attribute Data)
	To understand the current failure rate
	Taylor Davies
	Collect recorded past data on PC 
	10/02/2024
	Styli Assembly Cell

	Recorded failure values from EOL Pull Test in Newton Meters (N) – (Variable data)
	To understand the force failure range
	Taylor Davies

	Collect recorded past data on PC
	10/02/2024
	Styli Assembly Cell

	Pull test of remaining assemblies in stock (Attribute Data)
	To detect any future failures shipping to customers 
	Taylor Davies
	Complete Pull Test as Per Work Instruction
	20/02/2024
	Styli Assembly Cell

	Recorded failure values from stock inspection in Newton Meters (N) – (Variable data)
	To feedback failures to production and design team with failure force values
	Taylor Davies
	Record any failures within a spreadsheet
	20/02/2024
	Styli Assembly Cell


[bookmark: _Toc165200624]Perform Measurement System Analysis
Due to the number of failures over the past year (0.45%) it was decided a Gage R&R was not viable to be carried out due to the cost of the material. The proposal was to build 10 assemblies by 3 different operators, this would have been beneficial as it would determine the repeatability and reproducibility when different operators are carrying out the same assembly under the same conditions. The assemblies would have been destructive tested to see how the strength of the assemblies vary between operators.

[bookmark: _Toc165200625]Data Collection

Over the past year production has built a total of 2650 units which resulted in 12 failures at the end of Line pull test. This is a 12-month failure rate of 0.45%. The graph below shows the number of pull test failures from January 2023-December 2023.
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Description automatically generated]
[bookmark: _Toc165212304]Figure 4: Number of Pull Test Failures Each Month
The graph below shows the force at which these failures occurred.
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[bookmark: _Toc165212305]Figure 5: Recorded Failure Values (N)
[bookmark: _Toc165200626]Containment – Stock Check

Initially 10% of stock was checked was retested at 600N on the manual mecism pull test machine. 1 failure was found on inspection, therefore 100% of the stock was tested resulting in 8 failures.

There were 8off failures out of 1300off (0.615%) units re-pull tested. These failures are detailed in the table below.
	
	Failed at
	Notes

	[image: A silver object with a round knob
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	452.2N
	1off with bad coverage, seems as if the parts were not rotated to spread the adhesive.

	[image: A round object on a plastic surface
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	577.9N
	1off with bad coverage, seems as if the parts were rotated to spread the adhesive but either not rotated sufficiently or not enough adhesive was applied.

	[image: A pair of round metal objects
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	577.9N
	1off with good adhesive coverage on stylus tip and a small amount of adhesive residue on the centre of the tip attachment.

	[image: A close-up of a round object
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	526.9N
339.8N
509.5N
578.4N 

One failure value not recorded.

	5off with good adhesive coverage on stylus tip and very minimal or no adhesive residue on the tip attachment.


[image: A diagram of a pie chart

Description automatically generated]The following pie chart illustrates the different failure modes which were a result of the 100% stock check:[bookmark: _Toc165212306]Figure 6: Stock Check Failure Modes



The following graph shows the force in Newtons at point of failure:

[image: A graph with green and red dots
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[bookmark: _Toc165212307]Figure 7: Stock Check Failure Values (N)

These units generally failed close to 600N. It is important to note that these units were being retested so had previously passed to 600N. This was an important exercise to carry out as these units had the potential to fail the customer which could result in a bad reputation for Renishaw.

[bookmark: _Toc165200627]Analyse

[bookmark: _Toc165200628]Process Analysis Methods

Detailed Process Mapping 

The process was mapped initially which benefited in defining the problem and the areas to target when carrying out the investigation. However, creating a more detailed process map will allow us to target areas more specifically ensuring all bottle necks and concerns in the process are identified. 

Ishikawa Diagram

To determine some root causes to the issue an Ishikawa Diagram was created based on the results we have seen from the data collected. 

This will help us during the improve phase as this will help generate ideas based on the potential failure modes.
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[bookmark: _Toc165212308]Figure 8: Ishikawa Diagram


[bookmark: _Toc165200629]Review Analysis Methods

A thorough process map, which provides a visual depiction of the order and interactions of events inside a process, is a vital tool in business process management. These maps aid in a thorough comprehension of the complexities and dynamics of a process by providing a clear picture of how tasks are carried out inside an organisation.

Ishikawa diagrams, sometimes referred to as Fishbone diagrams or Cause-and-Effect diagrams, are effective tools that are mostly utilised in the disciplines of quality control and process development. These diagrams let teams focus on distinct parts of the problem one at a time, guaranteeing a thorough examination, by organising the reasons into manageable groups. This method, as opposed to only treating symptoms, aids in identifying the underlying reasons. The main objective is to methodically find an issue's underlying causes as opposed to only its symptoms. This may result in better long-term solutions rather than band-aid treatments for the problem.

These tools benefitted the project as it allowed us to determine some potential failure modes to investigate.


[bookmark: _Toc165200630]Graphical Analysis Tools

Due to only having previous data for the 12 failures and none of the failed parts on site due to being scrapped a pareto chart could only be conducted for the stock check carried out. 

The pareto chart highlights that the correlation between the glue coverage isn’t directly proportional, however it does affect the bond strength between the Stylus Tip and Stylus attachment. 

[image: A graph with a red line
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[bookmark: _Toc165212309]Figure 9: Pareto of Error

[bookmark: _Toc165200631]Identify Sources of Variation

The three sources of variation that was identified are being actioned. Reducing this variation will improve the number of failures along with the strength of the assemblies. The following different variation identified are:

· Curing Time/Process – Adjusting duration and temperature cured at.
· Glue Coverage – ensuring consistent and adequate spread between components.
· Pull Test Force – Ensuring each assembly is tested at the same Force (N
[bookmark: _Toc165200632]Improve
[bookmark: _Toc165200633]Generate Improvement Alternatives

To generate some improvements a team of four engineers brainstormed some ideas based on potential failure modes detected in the Ishikawa Diagram and from the data collected. It was noticed that the strength of the parts varied based on the coverage of glue between both components, however it was not clear that this was directly proportional. 

Bond Strength:

To improve strength the curing method along with glue coverage was identified. Currently the adhesive is only applied to the Stylus Tip, and it spreads by rotating the Stylus Tip and Stylus attachment together. The coverage of the glue is not checked after it is spread. Applying glue to both surfaces evenly before bringing them together could increase the bond strength as described in the Directions for use. Additionally, the graph below (Figure 16) suggests that an oven cure may result in a greater shear strength and would also accelerate the cure time which would result in a reduction of cycle time. A change to a 10-minute cure at 155°C is to be trialed with a 4-hour cooldown.
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[bookmark: _Toc165212310]Figure 10: EA9461 Technical Data Sheet Screenshot – Cure Temperature Effects





Pull Test Method:
The current process carrying out the Non-Destructive pull test involves using a manual wheel which loads the parts from anywhere between 600N – 630N. This means that the components are manually loaded by the operator which adds variation to the process. 

                [image: A close-up of a machine
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[bookmark: _Toc165212311]                               Figure 11: Manual Pull Test                                                              Figure 12: Manual Pull Test
                  


To improve the pull test method a script can be created on the automatic mecism pull tester, this will allow for more accurate measurements to be taken and remove the variation between operators. To validate the results a prove out batch will be raised and compared against the current pull test. 
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[bookmark: _Toc165212312]Figure 13: Mecism Automatic Pull Test




[bookmark: _Toc165200634]Improve FMEA Phase

The existing FMEA has been updated with the adjustments of the trials that will undergo.  The controls that are going to be put in place reduce the RPN due to curing time being poka-yoked by oven scripts and implementing ‘operator experience’ processes into the Work Instructions.

The benefit of FMEA is that it is stored on a system which allows people to view it and understand the potential risks within the process, however due to the actions and process controls that are being implemented the process is stable with low risk. 


[image: A screen shot of a document
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[bookmark: _Toc165212313]Figure 14: Process Failure Mode Effect Analysis
                                   




[bookmark: _Toc165200635]Perform Cost/Benefit Analysis

Due to the actions suggested to be implemented this allows for a reduction in cycle time. The current curing time is 24 hours however with a cure of 10 minutes at 155°C and a cool down of 4 hours. This means that more throughput is achievable if production has an increase in orders. This will benefit Renishaw along with the customer as they are able to receive their product at a faster rate. 

[bookmark: _Toc165200636]Pilot Proposals/ Validation

To trial the improvements a prove out batch of 9 units was raised. 

The following trial consisted of:

· 3 x PRIMO LTS TIPs (A-5475-0325) which will get built as ‘Normal’ following production work instruction.
· 3x PRIMO LTS TIPs (A-5475-0325) which will have glue applied to both sides and cured for 10 minutes at 155°C.
· 3x PRIMO LTS TIPs (A-5475-0325 which will get built as ‘Normal’ but cured for 10 minutes at 155°C

Each assembly then underwent destructive testing recording the failure force (N). 


	Glued Surface
	Built as Normal
	Both Sides and 155°C
	Built as Normal and 155°C

	
	Sample
	
	Force (N)
	Sample
	
	Force (N)
	Sample
	
	Force (N)

	
	1
	1
	607.9
	1
	2
	711.2
	1
	3
	722.1

	
	2
	1
	610.5
	2
	2
	756.1
	2
	3
	735.2

	
	3
	1
	672.1
	3
	2
	852.1
	3
	3
	784.8
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                                  	[bookmark: _Toc165212314]Figure 15: Normal Build and 155°C.
[bookmark: _Toc165212315]Figure 16: Both Sides and 155°C
[bookmark: _Toc165212316]Figure 17: Normal Build



The results showed that curing at 155°C was a benefit to the strength of the bond. The results were sent to design for analysis. The trial validates the theory proposed and once the design team confirm they are happy then the project can progress. 




[bookmark: _Toc165200637]Control

To maintain the changes the first thing to do is to create a control plan ensuring that all assemblies results are being monitored. It is important to cut in the changes slowly before changing the process, for example a concession can be raised for the first 20 assemblies to be monitored by engineering and once engineering is happy with the results then the process can be updated. 

The next step would be to update the process documentation, for example the Work Instructions. This ensures everyone is aware of the changes as production are to approve the changes also.

This is also the opportunity to monitor the process and implement any improvements. It is important to listen to the operators and understand if they have any problems with the process and if so, what can be done to improve this. 


[bookmark: _Toc165200638]Conclusion 

In conclusion, the PRIMO LTS Stylus Assembly has greatly benefited from the Six Sigma project, which was implemented with great success. By closely adhering to the DMAIC methodology—a structured Six Sigma approach—we were able to identify the primary problems, put good solutions in place, and build robust procedures that will significantly reduce the defect rate and increase the product's reliability.

The research started with a thorough examination of the stylus's assembly process, which indicated that the stylus tip breaking off from its attachment was the primary cause of customer complaints and product returns. We carefully examined the situation and found that the materials and assembly techniques were causing some of the issues. We adjusted the assembly procedure such as improving the glue spread and the curing process which significantly decreased the chance of the stylus breaking as shown in the results.

Several six sigma tools were used throughout the project which allowed us to achieve these positive results. To determine what features are a must to the customer we used the kano model, this allowed us to investigate the quality issues while still meeting the customers needs. To find the root cause of the problem data was collected according to the plan that was created, this allowed us to ensure the required data was being captured to find the root cause. To develop ideas, we used data analysis and root cause tools to brainstorm ideas for example an Ishikawa diagram was used to brainstorm all potential failure modes within the process. Finally, improvements were generated, and trials were put in place to prove the success of the changes. The FMEA was updated to include the changes that had been put in place, this also demonstrated that the risk has been reduced throughout the process. 
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1. How would you feel if the LTS consistently performed well in environments with high levels of swarf and
coolanz, without any degradation in function?

2. How would you feel if the LTS could withstand significant shocks and vibrations during operations, ensuring
no false triggers that could disrupt machining accuracy?

3. How would you feel if the LTS maintained its accuracy and reliability over many years of operation, even in
demanding industrial settings?

4. How would you feel if the LTS required minimal maintenance despite CONTiNUOUS exposure to harsh
machining elements?

5. How would you feel if the LTS provided a consistent and reliable tool-setting experience, enhancing your
trustin its operational robustness?
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Pareto Chart Displaying the different failure modes detected during stock check
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