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[bookmark: _Toc196643468]Introduction
Alar Engineering is a precision sheet metal fabrication subcontractor located in Cardiff, Wales. The company supplies components at a wide range of complexity, from small brackets to whole electro-mechanical assemblies. They provide metalwork for a large variety of companies in almost every sector of engineering, for example, automotive, aerospace, medical, civil, and electrical (Alar engineering Ltd, n.d.).
At the forefront of the business is an Amada Ensis AJ 9kw fibre laser cutting machine. Which is a 3-axis CNC machine capable of cutting up 25mm thick flat sheets of mild steel, stainless steel, and aluminium (Amada , n.d.). The machine can use nitrogen or oxygen from cylinders to create conditions that allow clean cuts and higher beam temperatures. Fibre lasers are more efficient than flame-cutting, plasma and comparable CO2 lasers, while delivering higher accuracy and (Ter-Mikirtychev, 2019). This shows a push in the manufacturing industry to increase efficiency and speed, while delivering tight tolerances and clean cuts.
This pivotal process represents a large amount of the costs for each job and often proves to be a bottleneck process, which results in a queue of orders waiting to be cut. A way of speeding up the process without compromising on cut quality or tolerances is efficient nesting of orders together. Since orders can be grouped into material grades and thicknesses with relative ease, nests can be employed. ‘Nests’ are sheet cutting programs containing multiple distinct parts of the same material and thickness cut together to save material costs where full sheets are not required. This saves on material waste, setup time, and material loading times (Sherif, et al., 2014).
The aim of this project is to investigate methodologies to reduce material waste and speed up the laser cutting process by conducting six sigma’s DMAIC methods (Define, Measure, Analyse, Improve, and Control). Identification of the main causes of nesting inefficiencies and evaluations of current performance will be carried out. Then new practices will be employed in a testbed simulation of the process to evidence the expected waste, and time improvements for randomly selected parts currently on order from customers (Shankar, 2009).
The benefits should include a measurable reduction of material waste, and machine setup/operator time, producing cost savings per order. This should also result in an improvement in throughput for the laser cutting process. This should overall make Alar Engineering more competitive in an ever fluctuating, cost driven, environment. 


[bookmark: _Toc196643469]Define
[bookmark: _Toc196643470]Problem Statement
The organisation is currently experiencing inefficiencies in the nesting process. This issue is localised between the engineering and laser cutting departments. This generates a large amount of scrap material which is sold at less than purchase price per m3. It also causes a backlog in regard to setup and running the programs due to individualised layouts being generated per part or per order. 
The organisation is affected financially by this, as it reduces the throughput of the laser process, and as such, how many orders we can take on and fulfil expected delivery dates on. The price given for scrap is less than can be generated by selling the material as metalwork. So, it is beneficial if as much of the scrap can be converted to sellable product as cost savings can be passed onto customers allowing Alar Engineering to stay competitive (Gitlow, et al., 2015).
[bookmark: _Toc196643471]Process map
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[bookmark: _Toc196643495]Figure 1 - Internal process map for Alar Engineering
This is the process map from customer enquiry to the first routing operation. For the purpose of the investigation, this is laser cutting. It follows from initial customer enquiry down to processing (it has been cut off at this point as further actions are unnecessary).

[bookmark: _Toc196643472]Voice of the Customer (VoC)
The voice of the customer in this context would refer to both company stakeholders and customers. This would be whoever is affected by the laser cutting, nesting, waste sorting, and material purchasing processes at Alar Engineering. The data was gathered via informal discussions with the aforementioned departments and the directors.
· Laser Operators
Operators reported nesting inefficiencies often meant running lots of small programs instead of one big program. Finding and loading sheets by hand and loading the programs took a considerable amount of time that could be saved if jobs were categorised by material grade/thickness.
· CAD Engineers
Creating the nests took time with the current software. Radan is not being kept up to date like other CAD/CAM software. The algorithms for auto-nesting are severely outdated. Current process map frustrates engineers as it doesn’t allow them to nest parts with anything outside their open project. Engineers only have access to new and modified parts, instead of repeat items.
· Business Owner (Sales Director)
Owner wants to cut down costs and run time for laser cutting. The recent upgrade from a CO2 laser to a fibre laser demonstrates this. A focus now on full utilisation of capabilities to reduce the rising costs of material, energy, and operator pay. 
· Customers
Customers do not directly see the benefits of reducing nesting inefficiencies. But the consensus for improvement is our delivery times. Over the last quarter we’ve hit less than half of our delivery estimates. They also ask for cost-downs, and other saving methodologies without compromising on quality. 
· Waste removal
Moving and filling the waste bins is a time-consuming job, moving operators from working on their primary roles.
· Purchasing
Material can be purchased on a nest basis instead of per purchase order. This would mean less time calculating and ordering materials, freeing up time to other duties. 


[bookmark: _Toc196643473]Critical to Quality (CTQ)
Critical factors were identified as vital to efficiency in the nesting process.
· Material Utilisation (%) is the percentage of material in a nest that is utilised and not wasted.
· Nesting time (per job) is the time taken for CAD/CAM engineers to produce a nest program.
· Part repeatability (x per year) is how often a customer will repeat the order for a part.
· Material cost (£) is the cost of material for an order.
· Scrap value (£) is the value of the waste material (unutilised material).
The CTQs will be used to improve the amount of waste material, cost, and laser throughput. With a revised workflow and methodology, customer relations should improve with better delivery performance.

[bookmark: _Toc196643474]Scope
This project’s scope is to improve material utilisation for nested programs at Alar Engineering, the duration of this project will be contained to a 12-week period containing roughly 5 nests of commonly run parts.
Items within scope:
· High production parts from repeat customers.
· Standard sheet sizes of 2000x1000mm and 2500x1250mm.
· A common material thickness/grade will be selected, this will be 1mm Aluminium 5251.
· Parts processed by the laser cutting machine.
· Currently employed nesting software in the company, Radan.
Items out of scope:
· Non-production parts (small quantities).
· Non-laser/nesting specific analysis for any downstream operations.
· All variations of thickness/grade of materials.


[bookmark: _Toc196643475]Measure
Data needs to be collected to measure, this is to assess current nesting efficiency and how much waste is generated so the new methodology can be compared, savings can be calculated, and a baseline for savings can be established. To start, a data collection plan was formalised of what variables would need to be gathered and recorded. All of this will be collected by the operators of each process and reported back to the project. 
[bookmark: _Toc196643506]Table 1 Data collection plan
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A minimum of 30 parts will be tested over the course of the data collection period, spanning 1-2 weeks. The parts are collected in groups of material and thicknesses, selection comprises of the most commonly used materials as they would benefit the most from waste reduction.
Errors are most likely to occur with manual data entry of values from EFACS and Radan outputs, to reduce the error, values will be recorded into premade tables to keep a cleaner workflow when copying over data. Six sigma often employs measurement system analysis (MSA) (Gitlow, et al., 2015), but this is unnecessary for the variables being collected as repeatability is not an issue. Variable results are all simulated digitally such as sheet size and material utilisation via Radan. Real world variations in material supply are not accounted for and would not affect the result of the nest generated.
The process involves running an SQL script that searches the database for commonly ordered parts of the same material (in this case, 1mm aluminium 5251) across all customers, and displays them to the program engineer as a quantity per month. The engineer then takes at least 10 items, a few large items and 6-7 small items (under 200mm2), to create a nest using ratios that fit the biggest parts. The small parts are then slotted around the larger parts. If there is any room after the ratios are satisfied, more small parts can be added from the SQL output list until there is no more room on the nest. After creating a nest, the new sheet utilisation, material waste, and run time can be compared to the individual layouts previously used. This test is run three times with a different assortment of parts. Any savings will be seen as averaged out over the three tests when run in their monthly quantities over the 12-week project period.

Data set one (1mm Aluminium):
[bookmark: _Toc196643507]Table 2 - Data set one (1mm aluminium)
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It would take a total of 2.58 sheets of 2000x1000mm, and 3 sheets of 2500x1250 to complete the order. With a total machine running time of 1.19 hours, program set-up for each run takes on average 90s and sheet loading takes 120s per sheet, to load six sheets for a total of 11 programs would add 1710s to the total process time (28.5 minutes / 0.48 hours). The process grand total becomes 1.67 hours.

Data set two (1mm Mild Steel CR4):
[bookmark: _Toc196643508]Table 3 - Data set two (1mm mild steel CR4)
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For data set two, it would take 2.86 sheets of 2000x1000 and 1.58 sheets of 2500x1250 to complete the monthly ordered quantities. This involves a total machine running time of 1.07 hours. 11 set-ups and 5 sheet loads add 1590s (26.5 minutes / 0.44 hours) to the process. The grand total is 1.51 hours to complete the order.


Data set three (1mm Stainless Steel 304 2B):
[bookmark: _Toc196643509]Table 4 - Data set three (1mm stainless steel 304 2B)
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For data set three, it would take 2 sheets of 2000x1000 and 1 sheet of 2500x1250 to complete the monthly ordered quantities. This involves a total machine running time of 0.42 hours. 10 set-ups and three sheet loads add 1260s (21 minutes / 0.35 hours) to the process. The grand total is 0.77 hours to complete the order.
[bookmark: _Toc196643476]Process capability
Across all 3 data sets, the 32 gathered individual part layouts average 55.41% material utilisation. The data has a range of 56.6% (23.2% lowest and 79.8% maximum). Standard deviation is 13.66.
The currently implemented workflow has no target for material utilisation, but the set target for the project will be >65%, 10% over the current utilisation. To assess how far the current process deviates from the new target, a process capability index (Cpk) analysis was carried out with 65% as the Lower Specification Limit (LSL). A USL will not be used because there is no maximum target as it depends too much on variation of part geometry. The goal is simply to achieve over 65% which this project aims to prove should be possible regardless of geometry (Gitlow, et al., 2015).
The formula for a lower limit focused Cpk is;

Equation 1 - Cpk (LSL focused) Formula (Gitlow, et al., 2015)
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[bookmark: _Toc196643477]Analyse
[bookmark: _Toc196643478]Analysis objectives and current performance
The analysis of the measurements will attempt to answer why the current workflow for building individual layouts falls so far short of the new target material utilisation percentage. This section investigates the root causes of low material utilisation by analysing the gathered data and visual trends together.
[bookmark: _Toc196643479]Current methodology performance 
The mean utilisation of all the layouts over the three data sets comes to 55.41%, the distribution of which skews heavily short of the minimum 65% utilisation this project is attempting to achieve.
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[bookmark: _Toc196643496]Figure 2 - Histogram of material utilisation (%) for all gathered data
The above histogram shows how the material utilisation of most layouts fails to meet the new minimum LSL (65%) of the project, which is represented with a vertical orange line on the chart. Only seven of the 32 layouts collected meet this criterion. This gives a pass rate of only ~21.88%. 25 parts failed to meet this target. These results further prove that current layout creation workflows lack consistency to meet efficiency standards deemed acceptable by management.
[bookmark: _Toc196643480]Root cause identification
Studying the 32 layouts reveals early findings that show the performance is mostly based on how well the parts can be orientated in relation to each other, thus creating a small gap between them, allowing them to be more condensed. Below, the best three and worst three layouts are compared:
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[bookmark: _Toc196643497]Figure 3 - P22027 Layout – 79.8%
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[bookmark: _Toc196643498]Figure 4 - P29095 Layout - 79.5%
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[bookmark: _Toc196643499]Figure 5 - P25664 Layout - 76.3%
Figures 3, 4, and 5 are the best 3 scoring yields in the gathered data. All the high utilisation nests have blanks that either interlock with itself very well (See figure 5) or are rectangular (figures 3 and 4) and leave only the minimum distance between them. This allows for a very compact yield and minimal waste. These are nests that already surpass the target material utilisation score for this report. 
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[bookmark: _Toc196643500]Figure 6 – (Left to right) P26380 Layout - 23.2% | P25560 Layout - 32.3% | P29038 Layout – 36.2%
Figure 6 includes the worst three yields at 23.2%, 32.3% and 36.2% respectively. The first yield is mostly due to internal cut-outs, which cannot be avoided and makes it seem less efficient than it is. It is visually obvious that it’s tightly packed. This doesn’t affect the validity of the experiment as the same quantities/parts will be used for the improvement phase. P25560 is a perfect example of a small part yield that leaves quite a lot of room between the parts relative to its size. Yield 3 is an example of a part that is tightly packed but leaves a waste section. The order quantity is reached and cutting more to fill this section would result in them being scrapped as storage is not worth the cost. 
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[bookmark: _Toc196643501]Figure 7 - Fishbone diagram of material wastage problems
Above is a fishbone diagram created via Canva. This is a brainstorming tool to identify the contributing factors to the problem and what causes each factor to occur. From here, each factor’s cause can be considered, and the improvement method can be formulated from there (Shinde, et al., 2018). 
Complex geometries and minimum spacing are factors that cannot be resolved. We cannot modify customer designs to fit the layouts and the minimum spacing is a machine constraint which cannot be lowered without impacting quality. They do allow us to think of more abstract resolutions, such as combining geometries from parts that fit better with other parts than themselves. Performance checks should be in place to stop extremely low utilisation parts from being run with high wastage. The biggest cause that can be solved is the layout creation method and small parts being given offcut layouts instead of being run in full sheets with other parts.
[bookmark: _Toc196643481]Process capability index
Previous Cpk calculations for material utilisation found that using the mean (55.41%) and the standard deviation (13.66) of the data, with an LSL of 65%, gave a Cpk score of -0.23. A negative number indicates the current process is below the minimum acceptable level and indicates a need for improvement.
[bookmark: _Toc196643510]Table 5 - Cpk Bell Curve Created From all Three Data Sets

To visually represent how ineffective the current process is, a bell curve chart was generated. This shows the LSL over the normal distribution of the Cpk. As the graph shows, most of the distribution falls short of the minimum requirements. Combined with the findings of the root cause analysis, this poor capability will be addressed and resolved in the following improvement phase.
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[bookmark: _Toc196643483]Improvement strategy
The improvement strategy employed was to rework methodology. This involves nesting groups of parts together in more optimised nests. This new process was applied to the three sets of data previously gathered in the analysis phase. The focus of this phase will be on improving the material utilisation (%) to above the LSL, which is 65%. This improvement should have an effect on time, which will also be aimed to improve.
This new strategy is employed as a revised process map (a future state map), the section is added between the ‘process sales order’ action and the ‘works order creation’ action
[image: ]
[bookmark: _Toc196643502]Figure 8 - Future state map modified from previous process map


[bookmark: _Toc196643484]Improvement results
[bookmark: _Toc196643511]Table 6 - New methodology improvements
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The above table demonstrated the efficiency gains of the new methodology in the data sets. A total process time reduction of 0.37 hours, 0.62 hours, and 0.46 hours for data sets 1, 2 and 3 respectively. Each one also had a boost in material utilisation %, with an improvement of 18.39% (data set 1), 18.55% (data set 2), and 21.09% (data set 3). This came in the form of buying less material which would also improve the efficiency of storing material.
Another benefit to this nest change would be material standardisation. The new nests only use 2500x1250mm sheets. The old method had a mix of 2000x1000mm and 2500x1250mm sheets. This makes storage a lot simpler, and there is also a cost saving in buying larger sheets that would add up over time. The difference between the sheet sizes is £13 per m3 for aluminium, £1067 per m3 for Mild Steel, and £5600 per m3 for Stainless steel. This saves a total of £0.39, £32, and £168 respectively for every 10 sheets of the two sizes per volume purchased.
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[bookmark: _Toc196643503]Figure 9 - Total time chart for old method vs new method
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[bookmark: _Toc196643504]Figure 10 - Average material utilisation (%) for old method vs new method
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[bookmark: _Toc196643505]Figure 11 - Percentage of total improvement for machine, setup, and loading for each data set
For data set 1, sheet loading made the biggest improvement to the total time, 68.4% of the total time improvement. For the other two data sets, it is a close tie between machine running time and setup time. Sheet loading being a small minority for all three data sets. This is due to having 10+ programs being condensed down to a single program load (the nest).

[bookmark: _Toc196643485]Efficiency gains and cost benefits
[bookmark: _Toc196643512]Table 7 - Cost saving analysis
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For just these 32 parts across the three data sets, it was found that a saving of £86.04 per month could be made. This represents a small amount of the total monthly ordered parts per month. It was found that the highest savings were in stainless Steel, this is due to its high cost per sheet. This methodology would be best utilised by focusing on stainless steel parts. The lowest savings were in mild steel, which has the lowest cost per sheet.
Unseen here are the time cost savings which would come from less sheet loading, less machine running time, and much faster program setup time (Loading a single program per data set instead of ~10).


[bookmark: _Toc196643486]Improvement process FMEA
[bookmark: _Toc196643513]Table 8 - Improvement PFMEA created via Excel
[image: A close-up of a document

AI-generated content may be incorrect.]
[bookmark: _Toc196643514]Table 9 - Severity, occurrence, and detection scoring tables
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A Process Failure Mode and Effects Analysis (PFMEA) was conducted on the new process to detect what the most risky and problematic parts of the new process could be. The highest Risk Priority Number (RPN) was found to be revision control. This would become more difficult as the new nest may not be regenerated when the revision of the part is changed since the nest creation is now in a separate part of the workflow to revision changes and engineering. To combat this, the revision level can be added to the name of the blanks on the nest which will show up whenever it is loaded into the laser for the operator to compare to the route sheets. This issue still, although less prevalent, occurred in the old methodology (Carlson, 2012).
[bookmark: _Toc196643487]Improvement summary
In summary, the new nesting process showed both time and material efficiency improvements. This was achieved by optimising nesting procedures, creating nests where small parts are manipulated to fit within the blank space between larger parts to improve the average material utilisation. 
The main focus for improvement was material efficiency and reaching a minimum target LSL of >65%. This value was significantly improved from an average of 55.43% for the old method to 74.67% for the new method. This saved a total of £86.04 across the three data sets by condensing the parts and reducing the amount of material needed. It was also found that there was a time saving of 1 hour 27 minutes across the three data sets for the laser cutting process, which would present its own cost savings in addition to the material savings.
An FMEA was conducted to prove the robustness of the process and improve upon the process further by considering the risks of changing to the proposed methodology. The key failures were considered and mitigated with extra controls in place to ensure the new strategy is ready to transition into the company methodology.


[bookmark: _Toc196643488]Control
[bookmark: _Toc196643489]Control phase overview
Control is the last phase of the DMAIC process. This is to ensure the longevity of the implementation by recording and monitoring key performance indicators (KPI) (Singh & Khanduja, 2014). The main performance indicator to monitor would be the material utilisation percentage. This is to ensure the improved nesting strategy continues to produce consistent results.
[bookmark: _Toc196643490]Process standardisation
The new process will be cemented in the company by sharing the new process flow chart accessible for training purposes. Default nesting variables will be changed within the software to make the new process workflow faster, this also makes reverting to the old method more difficult. Production manager will now oversee nesting processes, recording material utilisations into the Enterprise Resource Planning (ERP) system. Engineers will also use a revised file storing system and naming convention, any mistaken regression to the old method would be easily noticeable. 
[bookmark: _Toc196643491]Monitoring
KPIs are recordable progress indicators to a target. In this case, the material utilisation percentage (KPI.org, n.d.). A Microsoft program called PowerBI was decided upon. This is able to extract data from a database to integrate as easily as possible with the existing infrastructure of the company. This means, material utilisation can be recorded against the orders in the ERP system ‘EFACS’ to be displayed to the production manager who can be alerted to a dip in performance. A colour-coded tracker was employed within PowerBI to make interpreting the data as quick as possible. These charts will be reviewed at the monthly engineering meetings, where any performance issues can be discussed. Automated workflows within EFACS are able to send emails when database entries are created, with logic these can alert the manager to flagged programs.
[bookmark: _Toc196643515]Table 10 - KPI to monitor and control
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[bookmark: _Toc196643492]Training
To ensure engineers know how to follow the new process, training sessions are being delivered to introduce the new workflow. Explanations have been given of how using filler parts and nesting into one program saves time and money through reduced wastage. Staff were given access to the PFMEA, and feedback and suggestions were implemented as part of the engineering review meetings.
[bookmark: _Toc196643493]Ongoing ownership
The ownership of the improved nesting process will be with the production supervisor. It will be their responsibility to ensure the process is kept up to date and ongoing suggestions and evaluations are implemented. They will monitor the KPIs and revise the process if nesting efficiency falls below 65% over a prolonged period of time.
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Internal part| Customer |Monthly part|Sheet  |Sheet size |Material Run time ()
number number |quantity  |quantity |umxmm) |utilisation (%)

P20113 707| 50 50[170 x 1000 57.5 150
P21038 814] 150 156[450 x 1000 54.6 324]
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Internal part |Customer Monﬂ.ﬂy part Shee(. Sheet size N[:a.(eﬁ.ﬂl Run time (s)
number _|number _[quantity |quantity |(mm x mm) utilisation (%)

P29095 592 40 42(2500x1250 79.5] 509
P28436 723 6 6(2000x1000 51.7] 201
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P25624 662 150 150|550x1000 64.5] 415
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P26177 426 150 150)200x1000 42.8 201
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P28520 814 70] 70|150x1000 52| 120
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number number [part quantity |quantity |(mm x mm) |utilisation (%)
P25664 864 70 72(2500 x 1250 76.3) 238
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Totall 1528
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DATASET1

Item Oldmethod Newmethod Improvement
Machine run 119 114 0,05
time (hrs)
Setuptime 028 0.03 025
(hrs)
Sheetloading 020 013 0.07
(hrs)
Total time
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Material 57.81%  76.20% 18.39%
utilisation (%)

DATA SET 2

Item Oldmethod Newmethod Improvement
Machine run Lo o 030
time (hrs)
Setup time 028 0.03 025
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(hrs)
Totaltime

151 0.90 -0.62
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Material 55.65% 74.20% 18.55%
utilisation (%)
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Machine run s 022 020
time (hrs)
Setup time 025 0.03 023
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Sheetloading 010 0.07 -0.03
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Totaltime

077 031 -0.46
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Material 5251%  73.60% 21.00%
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The percentage of the sheet
Material utilisation (%) used for parts (notscrappedor >65%  Perprogram <659 will be flagged for review
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