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[bookmark: _Toc165201614]Introduction
This project will be undertaken within the manufacturing facility of Renishaw, located in Miskin, Wales. Renishaw is a global engineering technology group which creates high precision technology equipment for a wide range of applications. Renishaw create systems which are designed to provide complete precision and reliability (Renishaw plc, 2020). This project will take place in the encoder products/scale department, where rotary encoders are manufactured. The project will focus on the current manual vision system supplied by Vision Engineering. This vision system is used every day by the production team to measure certain features of the scale which has been ablated onto the encoder ring. Stakeholders within the company have identified this vision system as a bottleneck in the process due to its poor repeatability of results, causing multiple measurements of the same features to ensure reliability, which in-turn increases time to measure each part. With the use of DMAIC, a thorough understanding of the current vision system’s fallbacks can be identified and possible solutions can be achieved, decreasing measurement times along with increasing repeatability of results. 

[bookmark: _Toc165201615]Define 
[bookmark: _Toc165201616]Problem Statement 
One of the main bottlenecks within the encoder ring department is the manual vision scope. This vision scope is used to measure the key features of the scale placed on the encoder ring, such as centrality of the scale and the yaw of the lines ablated. The primary issue with the vision scope is the repeatability of test results. Multiple repeat measurements are often taken on the vision system to gain confidence in results. This, in-turn increases time taken to measure the part, decreasing throughput and potentially causing missed orders. The system is also limited to the size of the encoder ring it can measure due to the maximum z-axis height. A new and improved vision system which can measure all rotary product repeatably and in less time will eradicate this bottleneck in the process, ultimately increasing throughput and meeting customer expectations accordingly.

[bookmark: _Toc165201617]Voice of the customer
The main stakeholders in this process change are internal managers, who have identified the issues with the current process of measuring parts and the potential to create a much quicker and repeatable system; ultimately increasing throughput of product within the area, creating larger profit for the company. Other stakeholders include the production team, who will be the main operators of the system. It is crucial to understand the operator’s concerns about the new system and to keep the team informed about the process change to achieve a smooth transition.




[bookmark: _Toc165201618]Project Scope

Introduction
The objective of this project is to implement a new vision system which can measure rotary product quicker and more repeatably than the current manual system. The product should also be more user-friendly, removing any room for operator error.

Deliverables
· A vision system which can measure all rotary encoder rings, with higher repeatability than the current vision system.
· A validation report which compares the testing of both new and old vision systems.
· A work instruction should be created for the production team to enable the operators to use the machine with little to no issues.
· A document should be set up so that a known “good” and “bad” ring are measured every day before measuring production product to make sure the system is operating correctly.
· A preventative maintenance plan should also be created to ensure the system is correctly maintained to prevent any unnecessary downtime.

Inclusions
· Thorough testing of the current vision system. An operator will be timed measuring the key features on the encoder ring.
· Regular meetings with stakeholders to ensure requirements and expectations are met.
· Training materials such as work instruction should be made for operators.

Exclusions
· Modifications to the room to allow the new system to be implemented.
· Measurements of liner encoders will also be used.

Constraints
· Only one vision system so testing is difficult due to production taking priority over engineering data collection.
· Due to the stakeholders of this project being high level management, time constraints are a key factor.
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[bookmark: _Toc165201620]Data Collection Plan
“A data-collection plan outlines the precise steps and sequences for collecting data in a project. This is a statistical method to achieve breakthrough improvements by reducing variations and defects” (Sixsigma DSI, n.d.).

What will be measured?
Two encoder rings of the same size will be placed on the manual vision system at separate times. Each ring will contain ablated scale running along the outside diameter. The measurements to be taken are:
· The yaw of the lines ablated.
· The margins between the bottom/top of the scale ablated and the top/bottom of the ring.

 Top and bottom margin






Yaw of lines placed on encoder ring.













Figure 1 – Image of Encoder ring, (Renishaw plc, n.d.)


How many measurements are to be taken?
Each encoder ring will have a label at every 60-degree increment around the ring. It is at these increments the measurements should be made. This means that there will be 6 places around the ring which will be measured. At each 60-degree increment, the yaw, top margin and bottom margin will be recorded. This will be repeated ten times at each increment, totalling sixty tests around the ring.




How will the measurements be taken?
A gauge R&R study will be created which will inform the engineering team which ring it would like to be tested first, by which operator and at what position around the encoder ring. 

Who will be performing the measurements?
The measurements will be performed by one operator with the supervision of one of the technicians. The technician will follow the gauge R&R study, letting the operator know what needs to be tested next. 

Timeline
Once the gauge R&R study is created, the testing should only take one eight-hour shift. As the operator already knows how to use the vision system, no training will be required. Initial testing starts October 2023 and the stakeholders within the company expect a new and improved system to be running by March 2024.

Communication Plan
Once the Gauge R&R study is complete, graphs will illustrate the part-to-part variance and the system variance. A presentation illustrating these graphs will be shown to the stakeholders.



























[bookmark: _Toc165201621]Measurement System Analysis
To assess if a measuring system is suitable for usage, measuring System Analysis (MSA) is performed. It Is essential that the measurement system is well functioning so that there is confidence in the system’s outputted results (Simplilearn.com, 2020).

Below is a snippet of the Gauge R&R study which was created for this measurement system using the Minitab software.
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Figure 2 – Setting up the Gauge R&R Worksheet.

Figure 2 shows that one operator is used for the measurement of the encoder rings. There are only two encoder rings, however there are six places around each ring which need to be tested. This means that, as seen above in the image, there are twelve parts to be tested in total, six parts per encoder ring (every sixty degrees). Finally, for each part, ten tests should be taken, totalling one-hundred and twenty tests for the study.











Figure 3 shows the study once generated. This will be used by the technician and operator next to the vision system. The technician will let the operator know that the first part to be tested is the first encoder ring at 0 degrees. Once the measurements are taken and inputted into the table, the next operation is to remove the encoder ring from the vision system and place the second part in the rotation 300 degrees. This will be repeated 120 times to complete the gauge R&R study.

[image: A table with numbers and letters

Description automatically generated]














Figure 3 – Setting up the Gauge R&R Worksheet.

See section 4 (Analyse) for the results obtained in the gauge R&R study.
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Once all the tests were taken by the operator and inputted into the spreadsheet on minitab by the technician, Gage R&R graphs could be generated to see the capability of the vision system.

Below is the first part of the report generated for this study. The report shows that from the 120 results obtained, the measurement system variation is 11% of the process variation.
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Figure 4 – Gage R&R Results


Figure 5 below shows a bar chart of the results generated from this study.
[image: A graph with blue and red lines

Description automatically generated]

[image: A close-up of a white background

Description automatically generated]











Figure 5 – Gage R&R Results Bar Chart

Figure 5 illustrates that the total gage R&R for the manual vision system and the repeatability of the system are slightly out of the “acceptable” range as the result obtained was 11%.

A thorough analysis of the underlying reasons for the system's variance exceeding allowable Gauge R&R limitations is given in Figure 6.
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Figure 6 – Gage Results by parts
The study concentrated on the yaw angle of lines ablated on the outside diameter of the encoder ring, which should be 90° in relation to the top/bottom of the ring with a tolerance of ±4 minutes. Each tested part and its ten corresponding tests are shown on the left graph in Figure 6. With Part 2 displaying a yaw angle close to 89.90° and Part 1 closer to 90 degrees over the 60 tests, the results show a considerable difference between the two encoder rings. There are two displayed reference lines, which correspond to ±4 minutes, at 89.9333 and 90.0667. Part 2 goes above the yaw threshold; however, the study concentrates on the variance between the tests at each part and not the part tolerances.
The variance of the yaw results per test at the same part is the reason for the system’s Gage R&R result being out of the “acceptable” range. For example, the 7th part down (part 1 – 0 degrees) displays 10 results which are not very repeatable. However, the first part displayed at the top of the graph has 10 results with very tight grouping, which would give a good Gauge R&R result for the system. 
An FMEA was conducted to identify some of the possible reasons for the variance in test results per part. (Please refer to appendices for FMEA).

[bookmark: _Toc165201623]Improve
Once the required testing was finished and the Gage R&R had outputted the results for the manual vision system, a small presentation was delivered to the stakeholders of this project (production team and management). The stakeholders were informed that the current measurement system was in fact not the most repeatable system for our production product and a new improved system would be required to improve the process.
[bookmark: _Toc165201624]Should be/Future state process map.
The stakeholders and engineering team analysed the results shown from the gage R&R of the manual vision system and made a process map of what their expectations are for the new system.
Measuring a part
Firstly, the manual vision system measures only one feature at a time. It is desirable that a new system would be able to output the yaw and margins of the scale at the same time, rather than individually measuring each feature one after the other.
Automated/Manual System
The new system could be automated or manual, however an automated system may be preferred as it should measure a part quicker than manually measuring the features. It also removes the possibility of operator error.
Repeatability
Each part is measured three times at the start of the shift and an average is taken to make sure the feature is measuring within the specification set. The new vision system should be more repeatable when measuring the features of the encoder ring.
Machine capability
The new system should be able to measure all encoder ring product. The current system can only measure rings up to a size of 225mm, whereas rotary product ranges up to 550mm. Currently if a large ring is to be ablated, a smaller ring must first be ablated and checked on the manual vision system to make sure that the laser ablating the material is working correctly. Once correct, the large ring can be installed and ablated. If the new system can measure larger rings than 225mm then this should save a lot of time setting up the machine to ablate the material.




[bookmark: _Toc165201625]Choosing a Vision System
Vision system companies across the UK were contacted about the possibility of supplying an automated vision system which was capable of measuring 20, 30 and 40 micron lines along a stainless steel surface. The system would need to measure the yaw of the line, the length of the line and the margins (top of the ring to the top of the ablation, and bottom of the ring to the bottom of the ablation). Regular visits to potential suppliers were undertaken until the desired product was chosen.
The company chosen to supply the new vision system was Keyence. Rotary product was given to Keyence who showed that their automated systems were capable of picking up on the ablated lines and measuring the required features for the production product. A picture of the new automated system is seen below:
[image: IM-8030 - 300 × 200 mm square stage Wide stage model incorporating programmable ring-illumination/light probe unit]







Figure 7 – IM 8030 Vision System (www.keyence.co.uk, n.d).








[bookmark: _Toc165201626]Validation of new Vision System
Programs were written on the new vision system to measure the key features of the encoder ring stated throughout this report. The programs written effectively measured all features required and simultaneously outputted their results to the user. A prove out plan was then created to compare the two vision systems (manual and automatic) to ensure the automatic system was not only more repeatable, but quicker too.
[bookmark: _Toc165201627]Gage R&R Results
The same two encoder rings which were measured previously on the manual vision system to assess its capability were used on the new vision system. This was to see if the new system was capable of outputting more repeatable results than the old system.
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Figure 8 – Gage R&R results for IM-8030 Vision system
Figure 8 above shows the Gage R&R results for the new vision system. Exactly like the manual vision system, the same two encoder rings were tested by one operator in six places around each ring and 10 times per position, totalling 60 tests per ring. The test results were inputted into the minitab software, and the Gage R&R results are shown above. The measurement system variation is 3.1% compared to the manual vision system which gave a Gage R&R result of 11%. The new vision system is well within the “acceptable” guidelines stated by the Gage R&R.



Figure 9 shows the grouping of all 120 yaw tests measured across the two encoder rings.
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Figure 9 – Gage R&R grouping of results.
The image above shows similar results to figure 6 in this report. However, the difference between the two images is the closer grouping of results in Figure 9. The image shows that the yaw results per part for the manual vision system and the automated vision system are within the same region of each other, however the 10 tests per part for the automated vision system are lot more repeatable than the manual vision system which is desired.
Further tests were conducted on the automated vision system to ensure it was able to measure a range of encoder sizes. A small encoder ring (Ø52mm) and a large encoder ring (Ø300mm) were chosen to further prove out the vision system. A Gage R&R was created for the main features (Yaw, bottom margin and top margin). Gage R&R results for these can be found in the appendices.





[bookmark: _Toc165201628]Control
There are a few measures which have been put in place to ensure the new vision system is controlled and continues to output expected results which meet customer specifications. These measures include:
· Brown and Gold master encoder rings
· WI’s and PD Documents.
· Calibration artefact
Brown and Gold masters
These encoder rings are used to ensure the vision system is working as expected. The gold master is an encoder ring which has much tighter tolerances than normal production rings. The yaw on regular production product should be 90° ±4 minutes. Whereas the gold master encoder ring has a yaw tolerance of ±1 minute. The brown master rings are purposefully incorrect rings (scale centrality off centre of the ring and yaw out of the ±4 minutes specification) which are used to make sure that the vision system can pick up on incorrect product. These rings are to be placed onto the vision system at the start of the shift to ensure expected results are given.
WI’s and PD documents
The PD document is used by the operator using the machine. Once the gold and brown master rings have been checked on start-up, the results should be placed into this PD document along with the operators ID. This is so that the production team and engineering team can see that the daily checks have been completed. WI’s (work instructions) are created by the engineering team for the production team so that the operators of the machine know how to measure the encoder rings. The operator will first be taken through the WI at the machine with a member of the engineering team to ensure procedures are understood.
Calibration artifact
A calibration artefact was also supplied by Keyence along with the machine. This calibration artefact is used monthly to ensure normal operation of the vision system.
Regular meetings with stakeholders will also be taken. When new production product is introduced into the area, a new program will be written for the encoder ring. Once the relevant testing is complete, the production team and managers will be informed. This is important so that all teams are knowledgeable of the systems capability and what product it can and cannot measure.



[bookmark: _Toc165201629]Conclusion 
In conclusion of this report, a problem was identified within the encoder products/scale division at Renishaw. The problem involved a manual vision measurement system which was used regularly by the production team to measure key features of production rings. Stakeholders within the company suggested that a new system may be beneficial in measuring the rings quicker with higher repeatability. The measure phase of this report states what testing needed to be done with the current machine to assess its capability. A Gage R&R was created which would later be compared to a new vision system in the improve phase of the report. The project was a success as the new system was capable of measuring parts more repeatably than the old system. This meant that repeated tests were no longer needed to ensure reliability of the machine, therefore less time taken to measure each part and a higher throughput of rings manufactured. Due to regular meetings with stakeholders, the implementation of the new machine was a smooth process with the production team being trained individually, following the correct work instructions until there was a high level of confidence in using the machine. One set back to the new vision system is the size of the rings it can measure. The project scope in this report suggested that the new vision system should be able to measure all rotary product, however this is not the case. The vision system can only measure up to Ø300mm rings. So, new tooling must be made to measure the larger rings, however this is not a massive issue as rings larger than 300mm take up less than one percent of the orders per year.
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[bookmark: _Toc165201632]FMEA of manually measuring an encoder ring.
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