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[bookmark: _Toc136034278]Abstract
In engineering there is a constant drive for process improvement and cost reduction, this report is to outline one way to reducing costs to Renishaw. Reduction in cost in this example will be made through a time reduction in ablation time of linear scale; similarly, to how an optimised pathway for an automatic milling machine would operate. This report will outline findings of experimenting with independent variables of the ablation method and using this data to propose new settings to reduce production time. The methodology used to carry out this investigation was to ablate coupons and make a spread of powers, hits and shift to determine effects. This data was used to inform the proposed new ablation settings. It was found that reduced hits caused lower gain and MPR, whilst in contrast higher power increased gain and MPR. The study also discovered that increased shift increased gain and MPR at the loss of line quality. The recommendations are to adopt the new laser ablation settings of a higher gain and shift, with a lower number of hits, for both zeromet and stainless steel. 

Keywords: Ablation, MPR, Shift, Gain, Linearity, accuracy

[bookmark: _Toc136034279]Introduction
The focus of this project was to reduce the time taken to ablate Linear spare parts. Background information will be discussed in a section of the report to give understanding of the science behind ablation in Renishaw. A brief history of the company, development of encoders, and production process will allow for a greater understanding of the product. Once the current production process has been explained this report has laid out the methodology used, and experimentation done to accurately assess the effect of different independent variables.
[bookmark: _Toc136034280]Company Background
In 1973 Renishaw was founded by Sir David McMurtry and Mr. John deer. Renishaw product line centres around the production of high accuracy metrology equipment, the original invention was the touch trigger probe. The probe was invented whilst trying to measure the Olympus engines used on the supersonic Concorde aircraft. The touch probe allowed for highly accurate three-dimensional coordinate when measuring finished components and products. (Renishaw, 2023)
Renishaw is based in Gloucester Wotton-under-edge where most of the research and development is carried out, the work pertaining to this project will be carried out at miskin the results will be passed onto new mills to make the final decision implementing any changes. Due to the need to diversify and innovate to continue to compete against competitors Renishaw developed other metrology devices. One such development was encoder-scale, this comprises of two parts the encoder and the scale. (Renishaw, 2023)


[bookmark: _Toc136034281]Product History

Renishaw has since branched into additive manufacturing, healthcare, and other Position motion control such as readhead-scale, to diversify their production and make their business more resistant to market changes. However, these all revolve around the idea of quality and accurate measurements in a 3D space. (Renishaw, 2023)
Renishaw has produced 3D printers since Additive manufacturing (AM), also called 3D printing, creates a three-dimensional part from a digital file. Thin layers of material are used to create complex shapes which cannot be produced by 'traditional' techniques such as casting, forging, and machining. AM provides new design possibilities, including opportunities to combine multiple components in production, minimise material use and reduce tooling costs. These technologies have been applied to healthcare, sports and industrial applications and can be used to produce bone replacements and a complete 3D-printed bike. Please see Figure 1 for Renishaw products (Renishaw, 2023)
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[bookmark: _Toc136033955]Figure 2 Renishaw Neurological Surgery Arm (Renishaw, 2023)




 [image: Renishaw RMP60 Machine Tool Touch Probe | Willrich Precision Instruments][bookmark: _Toc136033956]Figure 3 - Renishaw Probe (Amazon, 2023)








Position and motion control can be split into three categories: interferometric laser encoders magnetic encoders and optical encoders.
The RLE laser encoder series was introduced in 2001 to offer short-range feedback (up to 4 m). The RLE uses a unique and patented 'remote' laser source and optical fibre-linked head to deliver enhanced metrology, reduced installation footprint and simplified installation and setup, the RLE’s have a resolution of 38.6 picometers. (Renishaw, 2023)
[bookmark: _Toc136034282]How encoders work 
Laser encoder systems consist of two parts the readhead and the scale. The scale is essentially a single track of full width contrasting lines, based on a nominal period of 30 µm. The absence of multiple parallel tracks gives important immunity from yaw errors and much more lateral tolerance in head position. The scale appears with a distinct barcode system allowing the readhead to reference itself at any point along the scale. The controller initiates operation by sending a demand message to the readhead, instructing it to capture the absolute position on the linear or rotary scale at that instant. The head responds by flashing a high-power LED source to illuminate the scale. The flashing captures an image of the scale and identifies through the unique barcode the readhead position in relation to the scale. (Renishaw, 2023)
[image: Industrial & Scientific Industrial Scales Linear Glass Scale，High ...]
[bookmark: _Toc136033957]Figure 4 - Operation of Incremental Readhead (Renishaw, 2023)


[bookmark: _Toc136034283]The use of Linear scale
Linear scale is used many different products for different applications, Linear scale is used in the production of semiconductors and PCB boards, this is to accurately pick and place components and deliver them to their position. The position in which they are placed is critical to the overall product as a few microns out could result in faulty parts. Renishaw scale is used in the production of PCBs for smart phones.
Scale linear is also used in coordinate measuring machines, in which they are used to measure the 3-dimensional movement to know where the probe head is situated. It works in combination with a probe to measure the dimensions of an object. (Renishaw, 2023)

Industrial usage:

· Car manufacturing – used in the production line of cars to measure part size - see figure 5 for the use in measuring the chassis of a Porsche.
· Medical usage – can be used in brain surgery to accurately perform surgery.
· PCB manufacturing – accurately locate pinhole positions.
[image: Flexible consistent inspection at Porsche part supplier - Everything ...]
[bookmark: _Toc136033958]Figure 5 - Use of Renishaw encoder in car manufacturing (Renishaw, 2023)


[bookmark: _Toc136034284]Overview of the project

The project required planning an investigation on how to increase the throughput of material through the ablation labs; this has been done by changing parameters over a range of values to analyse the effect on the results of the parts. The independent variables are power, shift, and hits. The total number of hits effect the overall time taken for the ablation, lowering this variable is key to the project whilst using the other variables to maintain the quality of the lines. The quality has been defined by the sharpness of the lines produces, the mean pitch ratio, and the gain.

There are several different materials that are used in linear spar: Stainless steel, zeromet, and narrowmet. There are also two different ablation types: the absolute and incremental scale of which both will need independent recipes for production. This has produced five different standard recipes across the linear area, however; differences in the lab will require operator input to compensate, using shift and hits to allow for quality scale product.

The project did not require any additional equipment or costs, as the equipment was already on site, a further goal was to have the machine automatically change the parameters for each type of scale.
The project will need an Excel sheet cataloguing the results of each lab for each material scale type. This is due to every lab not acting as one another, so each lab may require different settings. A Gantt chart has been produced which kept track of tasks and showed the progress.


[bookmark: _Toc136034285]Aims and Objectives

The aim of the project was to minimise the time taken to ablate linear scale parts by reducing the number of hits required to produce high-quality linear scale. To ensure the quality of the lines remains high, a benchmarking of the line quality had to be taken, a small survey was done with the engineering team to ascertain the standard. This allowed a transition of qualitive data to quantitative data. A yes and no question will be asked to team to make the data simple. 

Objectives:

· To compile a literature review to aid with the background theory of the process
· Carry out a study, changing one independent variable at a time. – Power, shift, and passes
· To gather quantitative data as a basis for research. – Gain, MPR, and Line quality
· Analyse the results.
· Propose ideal settings for production.



[bookmark: _Toc136034286]Timing plan.
[bookmark: _Toc136034287]Project Gant Chart
Please see Appendix 1

[bookmark: _Toc136034288]Hypothesis
Thoughts of the Author:

It is thought that hits must remain high and power to remain low to ensure laser quality, however, there is no evidence that this body of work has been carried out previously. The experimentation is to find the limitations of the laser system and determine the greatest capability possible. Hits and power are believed to achieve the same result in two different manners. High hits and low power introduce the energy over time whereas low hits and high power will introduce the similar energy in a short period.
The investigation aims to accurately identify what each parameter change influenced: power, hits, and shift. Lowering the hits should lower the MPR and gain, whilst increasing power should increase the gain and MPR. Changing shifts should increase the MPR and have little to no influence on the gain.  If this hypothesis is correct the parameters can be used to create a new recipe. When changing shift Theoretically, increased power should decrease the quality of the lines, the survey will ensure the resultant power used does not deteriorate the lines.
[bookmark: _Toc136034289]Cost-benefit analysis
The driver of the project was the projected cost benefit, there are several factors were considered. Cost-benefit analysis is the calculation of either savings, increased throughput, or decreased running costs made through projects. Hit reduction investigation aimed to make a cost reduction through decreased running costs. The aim is to reduce the time taken by the ablation process by a 1/4, this time reduction would see a cost saving and increased capacitance. To calculate the cost saving there are three values required: Cost per hour, time saving made, and bench runs per year.
[image: ] 

[bookmark: _Toc136034290]System Review and Literature Review

[bookmark: _Toc136034291]System Review
The labs are split into two units, a laser bed, and the linear test bench (LTB). On the laser bed there are two lasers a low-frequency, high-power Mai Tai laser, and a high-frequency, low-power ascend/ empower laser (Spectra-physics, 2022).  The two lasers are directed into the spitfire unit. A Newport Spectra Physics Spitfire laser is used to ablate scale (Spectra-Physics, 2023) (Acres, 2019). It is a femtosecond laser with pulse duration of ~120fs (120x10-15s), and beam power of approximately 5W. 1.5 – 1.8W of power is used at the ablation lens depending on the process requirements (Acres, 2019). The short duration of the pulse allows material to be removed from the substrate without heating it. This is ideal for precision encoder manufacture as substrate expansion would incur scale error. Heating could damage the substrate. The laser operates at 5kHz nominal rep rate. It is located on a separate optical table and frame from the LTB. (Acres, 2019)
[bookmark: _Toc136034292]Laser Set Up
The Spitfire combines the two different lasers until they produce a high-power, high-frequency laser. The combination is done through a series of mirrors, photodiodes (gates), and beam expanders; the beam is reflected around the spitfire via mirrors, and the beam expanders change the frequencies until the lasers are synched together (Spectra-Physics, 2023). Once the laser reaches the correct power it is released from the spitfire through the gate. The system allows for an easily controllable output, creating a suitable laser for ablation (Acres, 2019). 
[image: ]
[bookmark: _Toc136033959]Figure 6 – Laser Table 
[bookmark: _Toc136034293]Electromagnetic Shutter


Once the laser is released from the spitfire it travels through a mechanical shutter and a motor-controlled shutter. The shutters are for safety are one of several safety features, this is a mechanical way to stop the laser in such a case the software cannot (Acres, 2019). 
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[bookmark: _Toc136033960]Figure 7 Laser shutter
[bookmark: _Toc136034294]Half Wave Plate 
Thorlabs' Polymer Half-Wave Plates are fabricated from a liquid crystal polymer (LCP), this is used to obtain an optical path length difference of λ/2. By aligning the fast axis of one plate with the slow axis of the other, the net result is a compound retarder which exact retardance is the difference between each plate's individual retardance. (Thorlabs, 2023)
LCP wave plates are designed to be true zero-order wave plates, which can provide stable retardance over a large range of angles of incidence (AOI). This design is advantageous for applications that require low sensitivity to AOI. A polymer wave plate can be used at an AOI up to 20° with only a 5% retardance decrease.
Once the laser passes the shutters it is reflected using a mirror to pass through a half-wave plate which polarises the laser, aligning the sinusoidal waves in either a vertical or horizontal orientation (Thorlabs, 2023) (Acres, 2019).
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[bookmark: _Toc136033961]Figure 8 – Half wave plate visualisation (Thorlabs, 2023)
[bookmark: _Toc136034295]
Beam splitter cube
Polarised light is often described as the vector sum of two components: one whose electric field oscillates in the plane of incidence (parallel), and one whose electric field oscillates perpendicular to the plane of incidence. (Thorlabs, 2022)
When polarised light hits a surface it is referred to as a point of incidence. In a beam splitter this point of incidence is often described in terms of perpendicular and parallel components. These are orthogonal to each other and the direction in which the light is propagating. (Thorlabs, 2022) ( Hyodo, Zhang, Watanabe, & Saito, 2021)
These cubes separate the s- and p-polarization components by reflecting the s component with the dielectric beamsplitter coating, while allowing the p component to pass. (Edmund Optics, 2022)
The laser passes through the beam splitter cube which splits the vertical waves toward the beam dump and the horizontal waves pass through unaltered.  The half-wave plate in combination with the beam splitter cube allows for manual control of the final laser power, this allows the operator to change the power.  (Acres, 2019)
[image: No description available.]
[bookmark: _Toc136033962]Figure 9 - Beam splitter and Half wave plate
Laser power control at this point is important as the laser could lower or gain power independently depending on the age or usage of the laser. Changing the laser power is more easily done at this point than at any other which disallows changes to the software by the operator (Acres, 2019). The beam dump is a black box inside which energy is absorbed without any danger to the surroundings. Once the laser passes through the beam splitter cube it is then reflected by a further two mirrors to the LTB. (Acres, 2019)
[bookmark: _Toc136034296]LTB set up
The bench is made up of 3 main components, the granite table, the carriage and the slave rail. The granite bench is a 3.4 metre beam of granite with a depth of 300mm and a width of 300mm, a slot has been machined into the top surface. The slot has been machined with holes to allow a vacuum. Resting on the granite is the carriage which is suspended the on the granite beam through 9 air bearings.
The carriage is made of a steel frame with several components attached to a mobile plate to allow for in unison movement. The range of motion of the carriage along the granite is approximately 2.7m. The granite beam is flat to a few µm over its top and side surfaces. Linear spar is installed directly onto the top surface of the granite.
The carriage is drawn along the bench using a direct current (DC) motor which pulls the carriage back and forth via pulleys and drive cords. (Acres, 2019)

[bookmark: _Toc136034297]Slave rail
A slave rail runner carries cables alongside the carriage so that it does not need to drag them. This allows finer carriage speed control as well as reducing vibration transmission to the carriage. Ablation occurs in both forwards and backward directions. The slave rail uses feedback from the RGH34 on the back of the carriage as well as a pair of optical switches in order to follow the carriage. (Acres, 2019)
[bookmark: _Toc136034298]Periscope
On the right hand of the beam, there are two mirrors set up in a manner to aim the laser down the bench. Due to their positions, the setup is known as a periscope. Both mirrors can be manipulated to change the overall direction of the laser down the bench. The top mirror controls the position left to right as the beam goes through the lens assembly. (Acres, 2019)
[image: ]
[bookmark: _Toc136033963]Figure 10 - Periscope
On the other side of the bench, there is a motor drive system and two Renishaw laser encoders (RLE’s). The motor drive pulls the carriage back and forth along the bench via pulleys. Whilst the encoder tracks the position of the carriage on the granite this allows for an accuracy of 1 micron. (Need to add quote)
The laser beam is delivered to the right of the machine from the laser table. It passes upwards through a periscope assembly then to the carriage.

A mirror on top of the carriage reflects the beam down through a compound lens assembly acting as a single 50mm focal length cylindrical lens. The circular beam is focused in one axis down to an 8µm wide spot, approximately 10mm long. Beam blocking alignment aids are used to check the beam path is correct before ablation.
The laser must be within ±20µm of focus in order to produce reliable features. A capacitive sensor is used to set the carriage height once focus is calibrated.
[bookmark: _Toc136034299]Lens assembly
The lens assembly consists of a f-150mm diverging lens and two converging f-100 lenses. The f-150 lens causes the beam to diverge along the y axis. This effectively acts as a beam expander and was necessary to generate enough FSP1 line length. The two converging lenses focus the beam along the x axis. Two f-100 lenses focus more tidily than a single f-50 lens because their focal tolerance is better.
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[bookmark: _Toc136033964]Figure 11 – Lens assembly


[bookmark: _Toc136034300]Aperture
An aperture assembly prevents the ends of the focussed beam ablating the substrate. This gives the scale track(s) defined edges. The aperture assembly has a variety of inserts to manufacture scales of different track widths. It is mobilised with a pneumatic cylinder to allow automated ablation of dual track scales. The pneumatics are tied to the carriage dust extraction. (Acres, 2019)

The carriage is suspended by 9 air bearings allowing for a ‘weightless’ carriage, allowing for smooth movement along the bench. The carriage redirects the laser downwards towards the material. Before reaching the material, it passes through the lens assembly, which is comprised of 3 lenses, the beam is expanded vertically via one lens and then narrowed horizontally. This sharpens the laser, allowing the intense heat to burn lines into the material. The material with a mirror-like finish allows for the light to be reflected and the ablated lines stop the reflection. This is then used in combination with a readhead to read these lines. (Acres, 2019)

[bookmark: _Toc136034301]Literature review
[bookmark: _Toc136034302]Basic Idea
Linear scales are in essence rulers which measure in integers of microns. The lines created through the ablation process can be read using a read head. The readhead emits a laser which is reflected off the scale's surface. When the beam passes over an ablated line the signal is not returned to the readhead. This series of the signal returned, and missing signal creates a series of zeros and ones, the read head counts these lines giving an accurate position. FSP scale is 100% tested by the LTB. For FSP1 test follows immediately after ablation on the same LTB. (Acres, 2019)
Test devices (readhead and capacitive sensor) are mounted on the carriage. The carriage moves along the granite at a constant speed of ±1%. Devices are triggered and read at regular intervals. Speed is not as critical during a test as ablation. Sampling delays and mechanical wobbles do contribute to test errors. (Leach, 2014)
[bookmark: _Toc136034303]Testing parameters
Gain
Gain is a measurement of signal return; it is the contrast between the ablated lines and material. higher gain is not necessarily better as too much return signal can oversaturate the sensor. Test head gain varies due to head build alignment and component variation. The signal size they output varies from head-to-head and must be accounted for. Readhead gain is determined by measuring a calibrated chrome on a glass scale (Green Master). Readhead gain is applied by diving the raw signal by the read-head gain. Readheads capable of reading reference marks (SiGNUM, TONiC,) have separate gains for incremental and reference mark signals. (Acres, 2019) (Hu, Yang, & He, 2022)
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[bookmark: _Toc136033965]Figure 12 – Example of a Overlapped Gain Graph


Mark period ratio
Scale mark period ratio (MPR) is measured using the camera mounted on the LTB carriage. An image is divided into multiple horizontal slices. Slices are brightness corrected, then vertical edges within each slice are detected. The scale period and exact MPR are determined. A ratio of 1:1 is shown as 0.5 or half of the scale has been ablated. (Photofocus, 2023) (Acres, 2019)
[image: No description available.]
[bookmark: _Toc136033966]Figure 13 - Example of MPR camera
Accuracy
Accuracy is the comparison between where the ablated line should be situated and where it is. This is then translated into linearity. Linearity describes the sources of error which can occur over the length of scale. Linearity is an error over a gage length. It is calculated at multiple positions along the scale and for multiple gage lengths. It is a useful tool for picking up localised errors. (Acres, 2019)[image: A screen shot of a graph
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[bookmark: _Toc136033967]Figure 14 - accuracy graph
[bookmark: _Toc136034304]Ablation

Theory behind laser ablation
Laser ablation is the thermal or nonthermal process of removing atoms from a solid by irradiating it with an intense continuous wave or pulsed laser beam (Hashmi & Batalha, 2014). Using the process of ablation stainless steel is vaporised by the absorption of infrared radiation (Giardini , Flamini, & Kelly, 1996), it is required for the material to be vapourised and not melted in the production of scale (Acres, 2019). The distinction is important due to the experimentation being undertaken, if the energy transferred to the steel occurs in a short time frame pooling is likely to occur.
Complications with ablation
Pooling is when metals are heated in localised areas and melt the surface, creating a body of molten metal. Pooling of material can lead to scale code error, this error influences the accuracy of the scale. Scale code error can be caused by the material being melted and pooling on the surface. Pooling is caused by critical heat flux and high heat transfer (Yue & Xu, 2023). Critical heat flux is the point at which metals begin to boil at a microscopic level. When the half-wave plate is set to 1.8 W of energy heat the scale is ablated, however, heat is not transferred into the scale (Acres, 2019). In the investigation the half-wave plate will be set between 2 – 2.5 watts, this will transmit heat to the material through heat transfer coefficients and cause critical heat flux. Heat transfer coefficients is Critical heat flux is the point at which metals begin to boil, the localised and intense energy transferred to the material makes this likely to happen.  Melting the steel is not desirable for this investigation, the pooling affect will cause bleeding. Bleeding presents as lines coming leading from the desired lines.
[bookmark: _Toc136034305]Health and safety concerns
This section will breakdown safety concerns involving the labs and any Health and Safety regulations which need to be considered with mechanical moving parts and laser safety.
Carriage movement
The moving carriage is weakly driven by a motor to slow speeds (160mm/s max speed). A person or part of a person is not able to become trapped or injured by the machine. The slave rail is more powerfully driven. It is out of reach of an operator working from the front of the machine and is never touched during operation. It would represent a pinch hazard. (Acres, 2019)
Readhead Mount
The readhead mount is served laterally by a small stepper motor stage. The stage represents a very minor pinch hazard. The moving part of the assembly does not need to be touched, and the servo take a very small amount of time. It does not pose a significant risk. (Acres, 2019)
Aperture
The ablation aperture is servoed by an air solenoid. This assembly represents a pinch hazard if used improperly. The assembly should only be touched when the machine is idle. The air solenoid is not active while the machine is idle. (Acres, 2019)
Interlocks
The laser is connected to the room interlock. All parts of the laser are made safe if the interlock is tripped. The interlock can be tripped through safety switches located around the room. (Acres, 2019)


Beam Path
The laser beam path is vertical once it has passed through the focal lens assembly. A person cannot access the live focussed beam during normal operation. It is possible to access this once the extraction hood is folded up. Work instructions clearly state not to place objects or fingers below the lens without first making the laser safe. (Health and Safety Executive, 2010)There is some access to the free horizontal beam during laser alignment. This cannot be avoided. It does represent a hazard but can be avoided by keeping one’s head, skin, and clothing out of the beam. Note: the infrared Spitfire laser beam can melt or ignite some synthetic materials (e.g. black fleece) after a short number of seconds. It will also burn skin after many seconds of continuous exposure. (Acres, 2019)



Laser regulations

Use of lasers in a workplace environment have safety regulations to ensure the safety of workers. Lasers are a form of non-ionsing radiation and emits infrared light. this can cause skin burns and Cataracts. Legislation dictates that a reduction of exposure where possible is required.
In this lab setting the laser is set at waist height to reduce the risk to the eyes, the laser is contained inside a set laser pathway and it is extremely unlikely to stray from this. A check is carried out to see if there are any stray beams that are being emitted in any direction using an IR detector.
PPE is enforced when in the labs, this includes a pair of goggles which filter out infrared, this is always worn.

These are the Health and Safety Regulations which cover lasers:
The Control of Artificial Optical Radiation at Work Regulations 2010 to implement EC Directive 2006/25/EC. (Health and Safety Executive, 2010)
British Standard BS EN 60825-1:2014 Safety of laser products - Part 1: Equipment classification and requirements. (Public Health England, 2017)
Health and Safety Executive Guidance for Employers on the Control of Artificial Optical Radiation at Work Regulations (AOR) 2010 (Health and Safety Executive Norther IRELAND, 2010)
The Non-binding Guide to good practice for implementing "Artificial Optical Radiation" Directive 2006/25/EC (Health and safety executive , 2023)


[bookmark: _Toc136034306]Methodology
[bookmark: _Toc136034307]LTB and laser setup

Laser is set up as standard for production, the two control boxes: the Temperature control unit (TCU) and the time dilation generator (TDG) should have the rocker switches turned on. On the laptop start up the ACE software, click ‘connect to laser unit’ to load the software. Once the software is on the Mai Tai press button should be clicked and wait for the timer to elapse and the bar to load. Once loaded, turn keys in TDG and Empower/acsend boxes and click clear faults. The Empower/ascend button needs to be clicked on the software and held for 3 seconds, once timer has elapsed, the wait for the temperature of the laser to stabilise to -13 degrees Celsius. The laser must now be fired for 30 minutes to allow the system to warm.

[bookmark: _Toc136034308]Ablation of coupon process
The FSP Control software is step locked and only accessible after successful completion of all daily set up operations. The procedure for ablating a coupon is almost the same to produce each material or scale type, the difference being, a change in fences and lollipop for narrowmet and changing the readheads. There are 3 different readheads that are used in linear spar: Resolute (for absolute), signum (for incremental) and Tonic (for narrowmet).
Through the controller software the production page can be accessed, this page allows for the ablation of a coupon. A specific scale type can be chosen with pre-existing settings using the drop-down button. Once loaded the settings can be changed to suit the test plan. In figure XX the number of hits and shift are indicated, the values can be changed here.
Once the required changes have been made the coupon will be cleaned with IPA and white roll. Next the coupon will be installed onto the bench, at this point install blank should be clicked. A new page will open to conduct a profile test of the part, the start of the part must be marked to carry out the test, seen in figure XX. The profile is tested using the NCDT, this stage also sets the height of the carriage Once the test has concluded the profile data is stored. Profile data is important as it can explain related failure modes on longer parts.
The start of the part is then marked with the MPR camera in the ‘mark start’ page, the start must be marked manually. Once marked the ablate scale button can be clicked, the settings should be double checked to ensure they follow the test plan. Clicking ‘ablate’ will begin the ablation process, ensure the correct lollipop has been inserted and protective cap has been removed.
After the ablation process has finished, a prompt will appear to clean the part. How the part is cleaned depends on the material. Invar (zeromet) is to be cleaned with 4 wipes of cream cleaner applied to a lint free cloth. Followed by as many passes of IPA, applied with a lint free cloth, is needed to remove the residue. A medium pressure should be applied, ensure the part has time for the IPA to evaporate before moving on. 
The next step is to optimise the carriage height to ensure the readhead and MPR camera at the correct distance from the part to pick up the best results. Once optimised set the carriage to complete the test. Once test has been complete the part will be put to one side put to one side. 


[bookmark: _Toc136034309]Results and discussions
[bookmark: _Toc136034310]Results
Gain Comparison Hit reduction:

[bookmark: _Toc136033968]Figure 15 - RSLE 20 Hit reduction Gain comparison

[bookmark: _Toc136033969]Figure 16 - RSLA 30 Hit reduction Gain comparison




[bookmark: _Toc136033970]Figure 17 - RELE20 Hit Reduction Gain Comparison

[bookmark: _Toc136033971]Figure 18 - RELA30 Hit reduction Gain Comparison



Gain Comparison Power Increase

[bookmark: _Toc136033972]Figure 19 - RSLE 20 Power Increase Gain comparison

[bookmark: _Toc136033973]Figure 20 - RSLA30 Power increase Gain Comparison



[bookmark: _Toc136033974]Figure 21  - RELE 20 Power Increased Gain comparison

[bookmark: _Toc136033975]Figure 22  - RELA 30 Power Increased Gain comparison


MPR Comparison for Hit reduction

[bookmark: _Toc136033976]Figure 23 - RSLE20 Hit Reduction Gain comparison

[bookmark: _Toc136033977]Figure 24 - RSLA30 Hit reduction MPR Comparison



[bookmark: _Toc136033978]Figure 25 - RELE20 Hit Reduction Gain Comparison

[bookmark: _Toc136033979]Figure 26 - RELA 30 Hit reduction MPR Comparison


MPR Comparison for power increase:

[bookmark: _Toc136033980]Figure 27 - RSLE20 Power increase MPR Comparison
 
[bookmark: _Toc136033981]Figure 28 - RSLA Power increase MPR Comparison

[bookmark: _Toc136033982]Figure 29 - RELE20 Power increase MPR Comparison

[bookmark: _Toc136033983]Figure 30 - RELA30 Power increase MPR Comparison


Narrowmet:

[bookmark: _Toc136033984]Figure 31 - Narrowmet hit reduction Gain Result

[bookmark: _Toc136033985]Figure 32 - Narrowmet Hit reduction MPR Result

[bookmark: _Toc136033986]Figure 33 - Narrowmet Power increase Gain Result

[bookmark: _Toc136033987]Figure 34 - Narrowmet Hit Power increase MPR Result

[bookmark: _Toc136034311]Proposed Settings Gain results:
RSLE:[image: ]
[bookmark: _Toc136033988]Figure 35- New proposed RSLE Gain
RSLA:
[image: ]
[bookmark: _Toc136033989]Figure 36 - - New proposed RSLA Gain

RELE:
[image: ]
[bookmark: _Toc136033990]Figure 37 - - New proposed RELE Gain
RSLA:[image: ]
[bookmark: _Toc136033991]Figure 38 - - New proposed RELA Gain
Narrowmet:
[image: ]
[bookmark: _Toc136033992]Figure 39 - - New proposed Narrowmet Gain



[bookmark: _Toc136034312]Discussions
[bookmark: _Toc136034313]Gain
Gain Hit Reduction
As gain decreases from 50 to 30 hits the gain value decreases, this decrease is different between the incremental and absolute results. Absolute experiences less of a drop in gain in comparison to incremental, absolute parts start with a low gain of 0.96-0.98 the lower limit being 0.93 thus seeing that there is only a slight drop in gain as hits decrease is beneficial.
The gain loss in incremental is greater than the loss in absolute, however; this is acceptable as incremental starts with a gain between 1.04-1.07. A gain drops below 1 is acceptable and manageable. The limit for incremental parts is also 0.90 much lower than the absolute lower limit.
Both RELA and RELE retrospectively remain quite high above their lower limit. This shows the capability for the laser hits can drop lower than currently used settings comfortably. 
Narrowmet gain remains high throughout the ablation, as hits are reduced from 30 to 20 gain moves from 1.07 to 1.02. 1.02 gain is very central to the in the gain range. There is no absolute version of this part and hence nothing to analyse.
Gain: Power increase

As shown in figures 19 to xx there is a trend showing power increases also increases the gain. As the power goes from 2 – 2.5 watts a noticeable increase in gain is observed. Incremental coupons (RELE and RSLE) show a gain increase of an average of 0.05 gain. Absolute coupons similarly have an increase of 0.03 gain. The differences between gain increases will be down to how the ablation is formed. There are no outliers in this data which gives confidence that increases power can increase gain. This is positive and is required for the project to allow power to counteract the effect of lowering hits. 




[bookmark: _Toc136034314]Gain Summary:

As the hits decreased the gain decreased, this is the case across all parts. The decreased hits effect the gain of incremental parts more than absolute. When power is increased the gain increases, it can be concluded these variables can counter each other. This aligns with the hypothesis stated in the planning phase. Although the rates do not match, they are similar, allowing for the implementation of reduced hits and compensating with power. 

[bookmark: _Toc136034315]MPR

Hit reduction showed a slight fall in MPR across both stainless steel and zeromet as hits decreased, decreasing by 0.03 for all labs. Decreasing hits seemed to affect absolute parts more than incremental parts, this may be down to how the lines are placed and how the system creates the sequence. Although disappointing the difference exists, it can be offset by increased shift. Power increase had the inverse effect on the mpr to hit reduction, increasing the mpr by roughly 0.025 mpr. 
It should be noted that there are inconsistencies in the data in which some MPRs appear higher when the power is reduced, however; they do not detract from the overall trend line. The inconsistencies of MPR can be produced from multiple sources e.g., polish or bur on the back of the part or overall profile of the part or build-up of dirt under the ablation area.  
Increasing power increases the MPR whilst decreasing hits causes a decrease in MPR, this shows that these two independent variables counteract each other. The rate of change when decreasing hits of all parts is like one another, this is beneficial as the change in hits can be standardised for all materials and all ablation types. 
Likewise increasing power increases the MPR at a similar rate across all coupons, this aids in standardising the processes further as the same power can be used on all coupons for the proposed settings. 


[bookmark: _Toc136034316]Pentagon

The pentagon as previously mentioned is only a dependent variable in incremental parts. in appendix 3 most parts passed for the pentagon with two failing in the graph labelled RSLE20 Hit Reduction Pentagon Graph. Hit reduction causes lower line gain as mentioned above, as the pentagon is a comparison of incremental gain versus reference mark gain. This failure is expected as it is the result of decreased gain. It is also noticeable the last two coupons of hit reduction of both Stainless steel and zeromet the gain does decrease faster than the others. In the power increase coupons, the pentagon remains relatively constant with increases that move right and up. It is expected that the pentagon moves to the right as gain increases due to increased power. The pentagons slowly moved upwards due to there being more power in each hit of the reference mark ablation. The results follow the hypothesis regarding gain, it is also another parameter in which for the most part the coupons pass. See appendix 2.

[bookmark: _Toc136034317]Bit correlation

Bit correlation detects a failure in the coding of the sequence of lines, this is only an issue in absolute due to its barcode system. In all absolute coupons in appendix 2 there were no failures, and all results remain within their boundaries, normally failures are down to operator failure due to poor cleaning of the parts. It was not expected that changes to hits, power, or shift would affect bit correlation, confirmation is reassuring to the experiment. See appendix 4.

[bookmark: _Toc136034318]Accuracy

Observed in Appendix 3 accuracy is seen to remain constant with rare exception. From the research carried out in the literature review, it was observed that the integrity of the lines would decay as power increased over 2 watts, ultimately lowering the accuracy of the coupons. The graphs in Appendix 3 show that the accuracy is bundled close together near the 0 line. This shows that accuracy is not affected as power is increased from 2 W to 2.5 W. The few results which showed deviations are from human error in setup and testing the part. Future work could be done to experiment with power increases from 2.5 W to 3 W. 
[bookmark: _Toc136034319]Linearity
Linearity observed in Appendix 5 shows linearity overall remains relatively constant in terms of 0.1 microns, these errors are caused by line deterioration and positioning. If a high multiple lines are incorrectly positioned the higher the lines larger the error. At 1 micron error, there is again seems to be a relatively low error, this error compares a series of lines to the desired result and plots error. At 10 microns of error, the blue lines; there seem to be a greater level of error, this tracks the straightness of the lines. This error is acceptable for this experimentation, it mostly shows if ablation is straight, this can be caused by the part not being correctly inserted.  

[bookmark: _Toc136034320]The effect of shift on the coupons:
An increasing shift increases the gain as shown in figures xx- xx for both incremental and absolute parts. This result is unexpected as it was theorised that wider lines would reduce the line quality, however; it appears to have made the lines appear darker creating more contrast between the ablation lines and material, this has caused a higher gain. The effect shift had on MPR were as expected, as shift increased, MPR increased also. The ability to increase MPR is important as previously stated MPR decreases quite significantly when hits are decreased. Reduced hits are the main point of this experimentation, increasing shift is a way of counter acting reduced hits. Despite there being an incremental change of 0.5 Shift can be adjusted at 0.1 intervals, however; is not regularly done in these increments. Usually, shift is only changed when MPR is at 0.55, reducing shift brings down this MPR. The effect on gain from changing shift hasn’t been observed or studied. More work could be done to study the effect of changing shift on the gain in smaller increments. Changes in shift had no effect on the accuracy, bit correlation and linearity which is as expected.



[bookmark: _Toc136034321]Line quality
The line quality is qualitative data due to there being no definitive result. More work was carried out, using the opinion of colleagues to identify good and bad line quality. In this small and limited survey, they wrote good next to the image in which they believed to have good lines and bad next to the image they believed to have bad lines. The survey showed in most instances 2 - 2.3 watts had good line quality and at 2.4 watts the line quality became worse. All participants agreed that the line quality at 2.5 watts was not acceptable.

This body of work also acts as a stress test to see the maximum power which can be used before the critical heat flux capacity is reached. The quality of the lines is the best way to explain why. Using the MPR camera at the boundary of the ablation it is visible to see a deterioration of the ablation line as power increases past a power of 2.3 watts. Deterioration of line quality is observed as the temperature build-up is brought to critical heat flux; this is creating pooling in the material causing ‘bleeding’ in the material. Lower line quality results in a substantial loss of gain and MPR. 

The loss in line quality is more visible in invar steel (zeromet) in which either the invar steel or Nickel plating has a lower heat capacity than the stainless-steel material; this is visible in both the absolute and incremental coupons. The higher capacity of stainless steel could be used exploited to use a higher power and lower hits even further in the future, however; for the purposes of production, the power must remain the same across all labs.
The deterioration in line quality is also more apparent in incremental coupons than absolute, an explanation for this could be less heat build-up in absolute parts. Due to the differences in how the incremental lines are produced in comparison to absolute lines, there is less heat build-up due to larger gaps between the lines when being ablated.
The identification of this is important in case there is a requirement to increase line quality if the laser itself had a fault. 



[bookmark: _Toc136034322]Proposal of New settings

Based on the analysis above new settings will be advised, then tested to check for suitability of use. The new settings will be advised based on the effect of hits on the gain of the part, as using less hits creates less gain and MPR which, if too low will cause the part to fail. Increasing power will offset the gain loss partly, however, increasing power decreases line quality. Due to the survey carried out in part 6.2.9 the optimum power is 2.3 watts to maintain line quality. The power which is advised will be limited by line quality a defining factor of Critical heat flux and the main restrictions of increased power. The total power overall hits to power will be lower overall but introduced in a smaller time period. If the quality of the lines remains high, there may be further testing on how high power can be pushed. MPR results central of their test range allows a greater emphasis on gain, it is also possible to use shift to maintain MPR whilst having a good effect on gain. Shift will be increased by one on all parts all parts as seen in figures 35 – 39 this will help increase gain and MPR. 


[bookmark: _Toc136034323]Changes proposed:
Stainless Steel Incremental:
[bookmark: _Toc136033941]Table 1 - RSLE Settings changes
	
	Current settings 
	New proposed settings 
	Testing completed: 

	LTB number:  
	Hits
	Power 
	Shift
	Hits 
	Power
	Shift
	(yes/no)

	LTB4
	60
	2
	0
	40
	2.3
	0
	Yes

	LTB6
	60
	2
	0
	40
	2.3
	0
	Yes

	LTB9
	60
	2
	0
	40
	2.3
	0
	No

	LTB17
	60
	2.3
	1.5
	46
	2.5
	1.5
	Yes



Stainless Steel Absolute:
[bookmark: _Toc136033942]Table 2 - RSLA Settings changes
	
	Current settings 
	New proposed settings 
	Testing completed: 

	LTB number:  
	Hits
	Power 
	Shift
	Hits 
	Power
	Shift
	(yes/no)

	LTB4
	60
	2
	0
	40
	2.3
	0
	Yes

	LTB6
	60
	2
	0
	40
	2.3
	0
	Yes

	LTB9
	60
	2
	0
	40
	2.3
	0
	No

	LTB17
	60
	2.3
	1.5
	46
	2.5
	1.5
	Yes




Zeromet Incremental:
[bookmark: _Toc136033943]Table 3 - RELE Settings changes
	
	Current settings 
	New proposed settings 
	Testing completed: 

	LTB number:  
	Hits
	Power 
	Shift
	Hits 
	Power
	Shift
	(yes/no)

	LTB4
	40
	2
	0
	30
	2.3
	0
	Yes

	LTB6
	40
	2
	0
	30
	2.3
	0
	Yes

	LTB9
	40
	2
	0
	30
	2.3
	0
	No

	LTB17
	48
	2.3
	1.5
	36
	2.5
	1.5
	Yes


 
Zeromet Absolute:
[bookmark: _Toc136033944]Table 4 - RELA Settings changes
	
	Current settings 
	New proposed settings 
	Testing completed: 

	LTB number:  
	Hits
	Power 
	Shift
	Hits 
	Power
	Shift
	(yes/no)

	LTB4
	40
	2
	0
	30
	2.3
	0
	Yes

	LTB6
	40
	2
	0
	30
	2.3
	0
	Yes

	LTB9
	40
	2
	0
	30
	2.3
	0
	No

	LTB17
	48
	2.3
	1.5
	36
	2.5
	1.5
	Yes



Narrowmet:
[bookmark: _Toc136033945]Table 5 – Narrowemet Settings changes
	
	Current settings 
	New proposed settings 
	Testing completed: 

	LTB number:  
	Hits
	Power
	Shift
	Hits 
	Power 
	Shift
	(yes/no)

	LTB4
	30
	2
	0
	20
	2.3
	0
	Yes

	LTB9
	30
	2
	0
	20
	2.3
	0
	No



[bookmark: _Toc136034324]Analysis of Proposed settings results:

To prove-out the settings which were proposed five coupons of each type have been created and tested in 3 out of 4 labs. Ongoing work has stopped testing out on ltb9 hence no tested data to analyse. The coupon data for gain has been plotted in figure XX with an average line also being produced. In figure 35 - 39 gain remains stable from coupon to coupon, this shows repeatability and reliability in the new settings. The settings proposed to consider the poor laser and have produced functional parts with lower hits and higher power. The MPR of all parts remains constant at an MPR of 0.5, mirroring the point of gain, which shows reliability and repeatability in the new settings. 

Due to the work done of changing hits and power to evaluate their effect on the coupons, there is no need to discuss accuracy, bit correlation, pentagon or linearity. There were very little to no changes to this dependent variable when changing the independent variables. The results for these have been placed into Appendix XX. 

Previously the time taken to ablate coupons were 5 minutes and 40 seconds, now they are ablated in 4 minutes and 30 seconds; this shows almost a reduction of 25% in time taken for coupon ablation. 


[bookmark: _Toc136034325]Cost benefit analysis:
An updated cost benefit analysis can be created based on the actual times being proposed for each different type of material. This gives a more accurate cost saving than the one previously mentioned which is estimated cost. Using the timings from job routes of the parts, a calculation can be made to work out the money saved by the business.
The time saved for this project is calculated by taking the original timings from the job sheet, see figure 1. From the original timings the new timings are subtracted, this is the time saving, this is done in hours. The time saving will then be multiplied by Renishaw’s hourly rate; this is a calculation of the average cost to the company of an employee per hour to the company, this average cost is £49.50. Once this has been calculated the resultant is the average cost saving per cycle of the bench, the ablation time if the LTB ran a bench length of parts. The cost saving per cycle of the bench is then multiplied by number of bench lengths done in a year. The production of linear parts of 2021 will be used to calculate the peak value of cost saving as was the highest throughput in the last 5 years. The Calculation has been 
carried out and put into table XX.[bookmark: _Toc136033946]Table 6 - Cost Benefit Table

[image: A screenshot of a computer

Description automatically generated with medium confidence]





In the table above there shows more types of ablations these are subcategories of the main ablation type, however; they all use the coupons which have previously been shown in this study. There was no need to analyse for an increased through put due to there being work to double the number of LTB’s which would already increase throughput. 


[bookmark: _Toc136034326]Evaluation, Conclusion and Further work

[bookmark: _Toc136034327]Evaluation
[bookmark: _Toc136034328]Overall performance:
The project was conducted well despite complications related to lab availability and the updating of a lab. Despite the difficulties the study was successful oin determining the effects of hits, power and shift on the MPR, gain and Line quality. Implementation of the proposed laser settings across all 4 labs will requiring prove-out jobs. The other metrics to measure were unaffected by changes made. Using the results from the study new ablation settings were used to ablate new parts. The new settings were determined by putting the desired hits of 30 for zeromet and 40 for stainless, power was increased to 2.3 watts, which was deemed as the precipice of when line quality decreased. The shift was then increased by a factor of 1 to widen the lines attain the required MPR. The parts which were ablated passed for all dependent variables and were line quality was deemed acceptable to the other members of my team. 

[bookmark: _Toc136034329]Complications: 
At the beginning of the project the Linear engineer left the team, incurring higher workloads for the team. Without an engineer the project could not progress due to production being the priority. The Gant chart predicted the practical work would begin in December and be finished in January, however; due to the complications the Gant chart had to be adjusted. The project began mostly in January which was not the original timeframe. The progression of work since then has produced positive results which will be acted upon once validated by EPD.
LTB 9 had its laser system was renewed; experimentation could not be conducted. LTB 17 although the laser renewal had been completed further complications with the lab resulted in no data being collected. There were also issues with production not granting access to LTB 6, due to LTB 6 having the most reliable lab and most functionality trying to carry out experiments were difficult.





Strength, Opportunities, Weaknesses, Threats
	Strengths
	Opportunities

	· All experimentation which were carried out on the two labs supported the original hypothesis.
· The results informed in the creation of new ablation settings for all types of ablation. 
· The literature review was instrumental in understanding the risks to the product, critical heat flux is visible at 3 watts. 
· Cost saving of approximately £41,000 in relation to this project.
· Followed proper documentation through PD documents of the planned process.
· A possible higher throughput of 10% possible through this project. 
· All investigative work completed and analysed. 
· New settings have been proposed to EPD with all relevant documentation. 


	· How will this affect the labs once two LTB’s have been set up? There could be a high through put in the labs with two ltbs. 
· A similar investigation could be setup for Rotary, although the science would be different behind the cost saving and implementation. 
· New mirrors are being trialled to create 8 micron scale, the mirrors are to preserve line length and quality at lower powers, may be possible to get less hits with different mirror types. 



	Weaknesses
	Threats

	· The investigative work took longer than expected. What was deemed as 1 week of work in each lab translated to 3 weeks in each lab. Due to complications in the labs and scheduling of work delays were incurred to the work. 
· The investigative work could only be carried out in 2/4 labs due to complications; historical evidence has also been used for LTB9 to back the data. 
· The loss of the engineer at the beginning of the year shifted the focus away from this project and onto production-related issues, delaying this project.

	· There have been reports the new laser systems being implemented such as in LTB9 are on the whole unreliable, if laser profile changes or a decrease in power occurs the settings may not be suitable for production, however; it is likely this could be circumvented. 
· New developments will require more testing, new dual track which combines both incremental and absolute ablation on a singular part is being developed unknown if the new settings would be dependable on this type of scale. 





[bookmark: _Toc136034330]Conclusions
To conclude the aim of this investigation was to gain a greater understanding of the independent variables: hits, shift, and power; also, to understand their relationship to the dependent variables: gain, MPR, and line quality. This report also gives an in-depth description for the understanding of how a laser ablation lab operates, giving important foundation for the reader. In addition, the literature review aided in discovering the limitations of increasing power beyond 2 watts. Pooling and deterioration of line quality could be seen beyond 2.3 watts (Hashmi & Batalha, 2014); thus 2.3 watts was used to create the new ablation settings. A laid-out procedure for experimentation of machine capability has been created, which will aid in future prove-out work of renewed laser systems. Each lab is also receiving 2 LTBs, and each will need to be optimised for production. Overall, the study substantiated the hypothesis of the relationship between the independent and the dependent variables. Surprisingly, it was discovered that shift had a positive effect on gain which was in contradiction to the hypothesis. The investigation found that the wider lines allowed for more contrast between the ablation lines and the polished material. When changing the independent variables there was no change to the accuracy, bit correlation, linearity or pentagon. 

These findings provided the data to aid in the creation of new laser settings for use in production. By indicating the limiting factors for each independent variable, the new proposed settings stay well within their test window. These new settings were then trialled and tested which had desirable results. 

A cost benefit analysis was carried out to establish an accurate cost saving which could be associated with this project. The new settings allow for a higher throughput and a cost saving to the business. This report states the benefit through a time-saving in the ablation process and hence a related cost. An analysis on increased throughput was not carried out. 

Events occurred which inhibited the study and narrowed the data sample included the renewing of LTB9’s laser, and the inherent issues with LTB 17. These issues persist and will require a study later. Further experimentations are needed in these labs to confirm all the labs act in a similar manner. 





[bookmark: _Toc136034331]Suggestions for further work
[bookmark: _Toc136034332]Finishing prove-out work
This project requires several steps to implement the new recipe into production:
1. To ablate the longest possible length of all materials with all scale types. This would show the new recipes are capable of being run at all positions for any lengths.
2. To run multi-batch parts (multiple small parts which take up the length of the bench) this would test that small parts with varying profiles are able to be run.
3. To create prove-out batches for each lab these would test the capability of each lab with different parts at varying lengths to ensure the quality of the parts is maintained throughout.


Once all these have been completed then the relevant prove-out document would need to be completed. The prove-out document would need to discuss the capability of each lab under this new recipe, the prove-out document would need to discuss the Gain, linearity, accuracy, MPR, line quality etc of the prove-out jobs. The results from each lab would be overlaid as in this report and comparisons made to show that the results are comparable. Also, the shortcomings of the Once this work has been carried out production can run new parts with the new recipe.

[bookmark: _Toc136034333]How settings will be implemented in future labs:

The current replacement of linear labs to upgrade lasers has stopped the project from being carried out in all labs. A similar body of work should be carried out on LTB 9 and 17 to determine if the recipe developed for LTB 4 and 6 can be used for LTB 9. There are plans to renew the laser system on LTB 6, this would not require the same level of investigation but would require the prove-out to be carried out at the proposed settings. There are also plans to put another laser into the same lab as LTB 6. This new lab will not require the same body of work, implementing the new settings to be used when carrying out the prove-out work. This would be sufficient to be confident in the settings. 


[bookmark: _Toc136034334]New scale types being developed:
A new dual track system will also require investigative work to find a suitable power and hits to carry out the ablation. There might be requirement to keep the ablation settings to 2W for dual track, as there will only be a small number of parts coming through to begin it will not have a huge implication to the cost. 

There is also a plan to create 8-micron scale at Miskin in the future (1-2 years) this would require similar laser investigatory work, which would be like this body of work. The documentation used for this project can be implemented in the prove out. 
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Gain vs Hit reduction RSLE

Gain vs hit reduction LTB4	60	56	52	48	44	40	1.0149999999999999	1.0149999999999999	0.98599999999999999	0.94699999999999995	0.92900000000000005	0.90800000000000003	Gain vs hit reduction LTB6	60	56	52	48	44	40	1.052	1.0389999999999999	1.032	1.0029999999999999	1.0009999999999999	0.96599999999999997	1.0149999999999999	Hits used


Gain results




Gain vs Hit reduction RSLA

Gain vs hit reduction LTB4	60	56	52	48	44	40	0.96	0.93500000000000005	0.96	0.94499999999999995	0.92500000000000004	0.91	Gain vs hit reduction LTB6	60	56	52	48	44	40	0.95899999999999996	0.96699999999999997	0.98499999999999999	0.98499999999999999	0.95699999999999996	0.95599999999999996	Hits used


Gain results




Gain vs Hit reduction RELE

Gain vs hit reduction LTB4	50	46	42	38	34	30	1.1000000000000001	1.0980000000000001	1.079	1.0609999999999999	1.02	1.0109999999999999	Gain vs hit reduction LTB6	50	46	42	38	34	30	1.0900000000000001	1.115	1.0660000000000001	1.044	1.0409999999999999	0.98799999999999999	Hits used


Gain results




Gain vs Hit reduction RELA

Gain vs hit reduction LTB4	50	46	42	38	34	30	0.96399999999999997	0.96499999999999997	0.96699999999999997	0.96199999999999997	0.94899999999999995	0.94799999999999995	Gain vs hit reduction LTB6	50	46	42	38	34	30	0.97199999999999998	0.96499999999999997	0.96599999999999997	0.96599999999999997	0.96299999999999997	0.96199999999999997	Hits used


Gain results




Gain vs Power Increase RSLE

2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	1.0209999999999999	1.0249999999999999	1.0329999999999999	1.032	1.0249999999999999	1.046	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.99199999999999999	0.995	0.997	1.002	1.006	1.02	Power used


Gain results




Gain vs Power increase RSLA

LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.95599999999999996	0.95	0.95899999999999996	0.98299999999999998	0.97599999999999998	0.96499999999999997	Gain vs hit reduction LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.97599999999999998	0.96699999999999997	0.96699999999999997	0.95199999999999996	0.96699999999999997	0.95799999999999996	Power used


Gain results




Gain vs Power RELE

Gain vs hit reduction LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	1.075	1.0900000000000001	1.1000000000000001	1.1000000000000001	1.1000000000000001	1.105	Gain vs hit reduction LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	1.046	1.054	1.06	1.0649999999999999	1.0720000000000001	1.1000000000000001	Power


Gain results




Gain vs Power RELA

2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.94899999999999995	0.95099999999999996	0.95599999999999996	0.95399999999999996	0.96199999999999997	0.97299999999999998	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.93100000000000005	0.93300000000000005	0.93899999999999995	0.94699999999999995	0.96199999999999997	0.96599999999999997	Power used


Gain results




MPR vs Power increase RSLE

LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.51	0.5	0.5	0.51	0.5	0.51	LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.5	0.51	0.52	0.52	0.53	Hits used


MPR results




MPR vs Hit reduction RSLA

Gain vs hit reduction LTB4	60	56	52	48	44	40	0.51	0.51	0.49	0.49	0.5	0.49	Gain vs hit reduction LTB6	60	56	52	48	44	40	0.47	0.46	0.46	0.47	0.46	0.45	Hits used


MPR results




MPR vs Power RELE

Gain vs hit reduction LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.5	0.51	0.51	0.52	0.53	Gain vs hit reduction LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.51	0.51	0.51	0.52	0.52	Hits used


MPR results




MPR vs Power RELA

2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.51	0.52	0.52	0.52	0.52	0.53	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.5	0.51	0.51	0.51	0.52	Hits used


MPR results




MPR vs Power increase RSLE

LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.51	0.5	0.5	0.51	0.5	0.51	LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.5	0.51	0.52	0.52	0.53	Hits used


Gain results




MPR vs Power increase RSLA

Gain vs hit reduction LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.51	0.52	0.52	0.52	0.53	Gain vs hit reduction LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.47	0.46	0.48	0.48	0.49	0.49	Hits used


MPR results




MPR vs Power RELE

Gain vs hit reduction LTB4	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.5	0.51	0.51	0.52	0.53	Gain vs hit reduction LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.51	0.51	0.51	0.52	0.52	Power used


MPR results




MPR vs Power RELA

2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.51	0.52	0.52	0.52	0.52	0.53	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.5	0.5	0.51	0.51	0.51	0.52	Hits used


MPR results




Gain vs Hit reduction Narrowmet

Gain vs hit reduction LTB6	30	28	26	24	22	20	1.0169999999999999	1.0169999999999999	0.995	1.008	1.0089999999999999	1.006	Hits used


Gain results




MPR vs Hit reduction Narrowmet

Gain vs hit reduction LTB6	30	28	26	24	22	20	0.54	0.54	0.52	0.51	0.49	0.45	Hits used


MPR results




Gain vs Hit reduction Narrowmet

Gain vs hit reduction LTB6	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	1.0649999999999999	1.069	1.07	1.079	1.08	1.085	Power (W)


Gain results




MPR vs Power increase Narrowmet

0.49	0.49	0.51	0.5	0.52	0.52	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	0.49	0.49	0.51	0.5	0.52	0.52	Power (W)


MPR results




Is the line quaulity suitable to use in production

Yes	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	5	5	5	4	2	0	Power


Number of responses
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RSLE 303 0.417 0.3125 0.1045 £ 49.50 £ 517 £ 1,567.34
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RELE 655 0.33 0.2475 0.0825 £ 49.50 £ 4.08 £ 2,674.86
RELA 1394 0.33 0.2475 0.0825 £ 49.50 £ 4.08 £ 5,692.75
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RELM 2084 0.33 0.2475 0.0825 £ 49.50 £ 4.08 £ 8,510.54
Narrowmet 3360 0.25 0.166666667 0.083333333 £ 49.50 £ 412 £ 13,860.00
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£ 37,623.07
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