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Introduction
Within the following literature, a critical review of design for additive manufacturing (DFAM) and discrete event simulation (DES) are explored with reference to historical case studies and current real-life examples of improvements where these critical manufacturing tools are beneficial and add value to a business.
[image: ]DFAM is the design and manufacturing “process of joining materials to make objects from three-dimensional (3D) models layer by layer as opposed to subtractive methods that remove material” (Douglas S.Thomas, 2014) as demonstrated in figure 1. This challenges the manufacturing norms of material subtraction whereby many wastes are found in both material, inventory, transport, waiting and movements.
[bookmark: _Toc159611464]Figure 1 - 3D printed porous scaffold (Akash Bhatia, 2023)
[image: ]DES is “used to model, simulate, optimize and visualize production processes, systems, material flows, logistics activities and other related operational activities” (Bao Huy Huynh, 2020) as demonstrated in figure 2. This tool helps businesses understand the consequences and impact of a decision on their operations by highlighting bottlenecks, wastes and potential areas for improvement. 
[bookmark: _Toc159611465]Figure 2 - a simulated process model example (Bao Huy Huynh, 2020)






Design For Additive Manufacturing (DFAM)
[bookmark: _Toc159611466][image: ]DFAM was first explored in 1986 by Charles Hull who developed additive manufacturing (AM) in the form of stereolithography (Akash Bhatia, 2023), since then AM has slowly developed into a valuable tool for many operations and manufacturers whilst only recently AM has seen a significant growth as shown in figure 3.  Figure 3 - AM products and service growth (Multiple, 2023)
[bookmark: _Toc159611467]With this growth in AM many operations and manufacturers are now exploring the benefits of AM and how they can integrate such technology into their business, examples of this are shown in figure 4 with stand out companies such as Rolls Royce, Siemens, GE and Caterpillar who are major businesses in their fields of Aerospace, Electrical, Technology, Healthcare and Construction which clearly show the current uptake of AM.  Figure 4 - Companies using AM (Simon Ford, 2015)
[image: ]
The UK government have gone as far as to state from the Office of Science that AM will have “a profound impact on the way manufacturers make almost any product”, stating that it “will become an essential ‘tool’ allowing designs to be optimised to reduce waste; products to be made as light as possible; inventories of spare parts to be reduced; greater flexibility in the location of manufacturing; products to be personalised to consumers; consumers to make some of their own products; and products to be made with new graded composition and bespoke properties” (UK, 2013)
AM’s link to Lean manufacturing is developed by the foundation of AM’s process which only adds what is truly required to manufacture a product as the design is created via software such as CAD and then manufactured as per this model resulting in very little to zero waste. When we consider the 8 Wastes of Lean, Overproduction, Waiting, Transportation, Defects, Inventory, Motion, Extra Processing and Non utilised talent it is clear that AM can improve many of these areas as shown in the examples below.
Overproduction – Only Manufacture what is required from the model, one piece at a time. This allows for far greater flexibility for the customer as orders can be made quickly or changes made to the product spec without overproducing products that no longer meet the customers need. Flexibility is a key element of AM but is traded off vs controllability as [image: ]changes can be made to the production schedule as shown in figure 5.
[bookmark: _Toc159611468] Figure 5 - Flexibility Vs Controllability (Kim, 2013)

Inventory – Only manufacture what is required by the model, no sub parts produced as part of the process. No need for storage as the part is moved or used immediately. A business will only manufacture the part as required as demanded by the operations therefore large inventories are not required. Inventory is a major cost for businesses as demonstrated by (Douglas S.Thomas, 2014) who stated, “At the beginning of 2011, there were $537 billion in inventories in the manufacturing industry, which was equal to 10 % of that year’s revenue”.
[bookmark: _Toc159611469]Defects – Less likely as the process is created as per the CAD model, if the design is correct the defect chance is far less leading to a far greater defect per million opportunity (DPMO) result. As shown below in figure 6, defects are far easier to define and solve in AM as businesses can prototype before going to full line manufacturing. Figure 6 - Prototype Overhang Failures (Jiang, 2018)
[image: ]
[image: ]Transportation – Typically parts are manufactured in house or close to their place of use. As shown below in figure 7.
This type of supply chain reduces the supply chain vulnerability which ultimately reduces the business risk of an operation. Reducing this risk helps maintain customer satisfaction as a business is more likely to fulfil orders and deliver on time in full. (Douglas S.Thomas, 2014)
[bookmark: _Toc159611470] Figure 7- Manufacturing Logistic Example (Douglas S.Thomas, 2014)
[image: ]Motion – There is no manufacturing line to contend with therefore motion is limited to loading and unloading the AM equipment. A 3D printing process is shown in figure 8 vs a conventional production line whereby the work centre and warehouse are removed.
[bookmark: _Toc159611471] Figure 8 -Conventional line vs 3D line (Dr. Diogo José Horst, 2018)
Extra processing – Parts are made to the quality specs set within the model by the creator or customer. These specifications need to be identified at the planning and design phase to ensure all products are not gold plated and manufactured with the required quality for the purpose of the product.
Waiting – AM can be relatively slow vs manufacturing such as continuous or batch productions, but the time taken to manufacture can be seen as an opportunity to complete other tasks. 
The advantages and challenges of AM are summarised in figure 9 by (Simon Ford, 2015), the advantages focus on batch size, customer flexibility, material savings and other benefits similar to that related to the 8 wastes. The challenges focus around the implementation of the technology into businesses as well as the cost and speed of production which limits its full implementation throughout every manufacturer.
[bookmark: _Toc159611472][image: ]Figure 9 - Advantage & Challenges of AM


















Design For Additive Manufacturing Example, Design and Evaluation
[image: ]The example chosen for redesign using DFAM principles is a tool used to insert metering rods into their holders, these are used on film presses which are part of the sizing elements on a paper machine as displayed in figure 10.
[bookmark: _Toc159611473]Figure 10 - Film Press in operation
[bookmark: _Toc159611474]The tool used is shown in figure 11, the tool is made up of 17 individual parts which allow the handle to be pulled down to exert force onto the rod and push it into the gap of the rod bed which is illustrated in figure 12. Figure 11 - Parts of the tool
[image: ]
[bookmark: _Toc159611475][image: A white and red tool with a red handle

Description automatically generated]Figure 12 - Rod Inserting tool process
The rod is difficult to insert into the bed as the gap must be kept to a minimum as the rod rotates up to 60mph during operation therefore being secure in the bed is critical.
Ensuring the install is completed effectively to ensure the rod is secure but also without damaging the rod is a key reason for the redesign.
[bookmark: _Toc159611476][image: ]During the redesign considerations were made to reduce the number of parts in the initial tool, the material it is made from and the functionality for the end user in an effort to make a more sustainable product that takes less time to use whilst making the wearing parts reusable.                                                                                    Figure 13 - Original Tool in Autodesk
By drawing the tool in Auto Desk as per figure 13 I was able to start looking at how redesign could be implemented. One key consideration is the material as the current aluminium is too soft and therefore reduces the total load pressure applied, this is clear from the tool in the field as shown in figure 14 whereby the handle has been bent under pressure.
[bookmark: _Toc159611477][image: ]Figure 14 - Bent Handle			
[bookmark: _Toc159611478]The material of the rod bed is polyurethane which is rigid enough to allow the rod to sit securely but also the surface is soft enough to not damage the rod itself. The current tool uses a nylon attachment which wears over time but is softer than the rod therefore not damaging the rod, if this part and the new tool could be manufactured from the same material this could lead to manufacturing savings in terms of time. Figure 15 shows the level of wear to the nylon pad which is changed every month.  Figure 15 - Nylon Pad
[bookmark: _Toc159611479]The number of parts also draws concerns for the user interaction as there are a lot of bolts, nuts and fasteners which would take time to undo as well as the risk of losing them during interaction, this is shown in figure 16 below. Figure 16 - Fastener Positions
[image: ]

[bookmark: _Toc159611480]The new tool design is demonstrated in figure 17, the major highlights of the new design are a reduction in parts by 77% 17 to 4 as labelled in figure 17, a rotatable wearing part made from a harder material allowing for longer runs in the operation, a larger surface area to allow for less pressure to be applied but maintain the linear force applied, a hinge mechanism that does not require fasteners, a redesigned handle to allow the user to apply force easier and a securing bar at the bottom to secure the rod during the pressing process. Figure 17 - New Tool DesignHandle
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[bookmark: _Toc159611481][image: ]The new tool design does not need assembly by an operative as the model can be fully printed to be functional from the outset, the wearing pressing part of the tool is fully rotatable and simply slides onto the tool body therefore no fasteners are required in the new tool as seen in figure 18. Figure 18 - New Wearing Part without fasteners
[bookmark: _Toc159611482]The cost of the tool to manufacture using additive manufacturing via 3D printing is approximately £400, when compared to manufacturing the original tool additive manufacturing would be cheaper as no labour costs for machining and building the tool. This is also cheaper than the off the shelf versions of the tool which retail at £550. An overall comparison can be seen in figure 19. Figure 19 - Comparison of tools
[image: ]
Overall, the new design offers a better solution for the end user whilst giving the business a cheaper, longer lasting and easier to source tool. The use of additive manufacturing in this example would prove to give benefits to the business and also allow for a more sustainable tool to be manufactured, this could all be achieved with a 3D printer close to the manufacturing line which then opens up further opportunities to manufacture more parts that wear and require quick lead times to the shop floor.
















Discrete Event Simulation Review and Considerations
Discrete Event Simulation (DES) is a data model that replicates the real time scenarios of a process such as available time, available resource, throughput, quality output, tact time, lead times and with more details scenarios we can simulate the usages and costs of a process too mimic the probabilistic nature of the process under consideration. (Leemis, 2002)
[image: ]DES is becoming more popular as data systems become more readily available and more user friendly, this is illustrated in the sales of simulation software as illustrated in figure 20. As more people understand the power of DES in both analysing current processes and in the design phase of a project the capabilities are being more widely used and recognised for their importance on delivering value to a business. Application areas include Engineering, Research, Modelling & Simulated Testing, 
[bookmark: _Toc159611483]Figure 20 - Simulation market forecast (Ltd., 2022)
Gaming & Immersive Experiences, High Fidelity & Experiential 3D Training, AI Training & Autonomous Systems, Manufacturing Process Optimization, Planning and Logistics Management & Transportation, Cyber Simulation with end users such as Automotive, Industrial, Oil & Gas, Mining, Energy & Utilities, Electronics & Semiconductor, Aerospace & Defence, Healthcare and Transportation & Logistics. (Ltd., 2022)#
 Integrating DES into the Lean Six Sigma methodology is also becoming more common especially when conducting Kaizen events, one such example has been used in healthcare whereby Operations research techniques and discrete event simulation have been used by healthcare managers. Since healthcare services are mostly dynamic and stochastic processes, discrete event simulation has been more often used to model and analyse flows in healthcare processes. (Fone, 2003)
Utilising the Define, Measure, Analyse, Improve, Control (DMAIC) approach during the measure phase the team can begin process mapping followed by simulation models in the analyse phase, after this the Kaizan event can start to implement the proposals from the simulation. Such an approach is shown by (Chantal Baril, 2016) in Figure 21 where DES is integrated into the process alongside figure 22 demonstrating the steps and activities to such an idea.
[image: ]
[bookmark: _Toc159611484]Figure 21 - DES integration to Kaizen Event
[image: ]
[bookmark: _Toc159611485]Figure 22 - DES Integration to Steps and Activities
Results of this type of integration are shown in figure 23 demonstrating Real Vs Simulated Value validation.
[image: ][image: ]
[bookmark: _Toc159611486]Figure 23 - Real Vs Sim Results and Kaizan Impact
[image: ]DES can also be utilised to help make decisions by simulating real life scenarios to demonstrate typically unknown or non-visible interactions and relationships in a process. Decisions in procurement are demonstrated by (Marco Semini, n.d.) in figure 24, these decision can directly impact the performance and profitability of a business by reducing Work in progress, improving lead time on parts, improving delivery performance, improving customer satisfaction and reducing C02 by optimising shipping lanes which helps with a business’s sustainability commitments.
[bookmark: _Toc159611487]Figure 24 - DES Possible area for decision making.

[image: ]Some of the challenges for the implementation of DES in real-time manufacturing scenarios are related to response time, data acquisition and processing (Smith, 2014) but these challenges have recently been challenged by examples of closed loop control of a manufacturing process that utilised DES in the background to give the best operating setpoints to minimise energy use on a running paper machine (Dr Peter Fisera, 2022). In figure 25 the measured value of steam flow vs the simulated is demonstrated, with the results of the simulation on running setpoints illustrated in figure 26. 
[bookmark: _Toc159611488]Figure 25 - Measured vs simulated.
[bookmark: _Toc159611489][image: ]Figure 26 - Results of DES setpoints

This example demonstrates not only that data can be transferred quick enough to manage a live process but also the impact that DES can have on energy reduction. With business expectations now driving towards more sustainable practices and processes DES offers a real tangible opportunity for improvement in this field which overcomes the dynamic components of manufacturing and energy consumption by having the ability to simulate each change. (Herrmann, 2009)
(Meriem Kouki, 2017) reflect these findings in figure 27 whereby the real energy consumption is demonstrated vs the simulated curve resulting in a 2.2% error which is considered exceptional in process simulation terms.
[image: ]Figure 27 - Real Energy vs Simulated.
[image: ][image: ]

[image: ]Overall, the use of DES is shown to be a powerful tool that is improving multiple industries processes and profitability, its use is not subject to limitations as the variables of the process can all be simulated. In manufacturing where small improvements can bring big gains, in conjunction with Lean and Six Sigma methodologies, the use of DES by companies is shown in figure 28 on how these companies are using DES now and in the future. (A. Ingemansson, 2002)
[bookmark: _Toc159611491]Figure 28 - DES is used to/for....



Discrete Event Simulation Example, Design and Evaluation
[image: ]The process I have chosen to review and redesign is the conversion of large reels of paper from a paper machine into smaller reels ready to be transported to the customer as seen in figure 29.
[bookmark: _Toc159611492]Figure 29 - Paper conversion process
[image: ]The current process shown in figure 30 takes a large reel of paper from the autoflyte to the unwind station whereby the reel is unwound ready to be cut by the slitters.  The unwind of the reel is critical to the quality as the tension must be controlled as well as the speed to allow for defects to be removed. [bookmark: _Toc159611493]Figure 30 - Jumbo Reel in unwind station.


[image: ]The slitters are two knives rotating to allow clean cuts on the edges of the reel, these knives are automatically positioned to ensure the width the customer requires is adhered to.
[bookmark: _Toc159611494]Figure 31 - Slitter section
The paper web is then transferred to the rewind section whereby the paper is wound around a cardboard core under tension. The reels build slowly below a rider roll which maintains the tension and torque of the process to ensure the paper is wound tightly for the customer to prevent wrinkling and slack paper webs once at the customer, the process of the web building in diameter is demonstrated in figure 32.  
[bookmark: _Toc159611495][image: ]Figure 32 - Reel winding from start to finish.
Once these reels are at the set diameter the reels are then moved into the discharge bucket as demonstrated in figure 34, the bucket moves down to floor level and releases the reels to a conveyor ready for inspection and transport to the haulier.  
[bookmark: _Toc159611496][image: ]Figure 33 - Winder Discharge.
 



These processes have now been converted into Arena, a simulation software which allows for the process to be replicated and changed to give results of the given changes.  In figure 34 we can see that the current process can convert 21 jumbo reels into 320 customer reels over a given day assuming each jumbo reel would take between 1-2 minutes to transfer from the autoflyte, 7-9 minutes to run the first set of 5 on the jumbo reel and then 1  minute to eject the reels.
[bookmark: _Toc159611497]Figure 34 - Current process in Arena
For this example, I assume that the paper machine is looking to increase its output by 20% therefore the total jumbo reels entering the winder would need to increase from 21 to 26, to allow for this increase in production the winder must therefore also increase its throughput. Within figure 35 the throughput has been increased to allow for a constant 1 minute to transfer the reels into the winder, a conversion speed increase from 7-9 minutes to 5-7 minutes whilst the ejection rate remains at 1 minute.    
Figure 35 - New Process
[bookmark: _Toc159611499]Figure 36 - Results of process change
[image: ]
Figure 36 results show that by increasing the speed of the winder we would be able to deliver the increase in output from the paper machine, we would also reduce the amount of WIP therefore processing more customer reels per day.
[image: ]To achieve the increase in throughput at the winder some developments would need to be instigated to allow this, firstly the reel transfer into the winder would need to be fed via chains rather than under gravity as this can lead to a delay in the entry to the winder. A similar system as shown in figure 37 would be required to ensure the reel transfer time of one minute.
[bookmark: _Toc159611500]Figure 37 - Chain Reel Transfer


[image: ]To allow for the winder to increase in speed the acceleration and deceleration of the rotating components much be upgraded as they are fit for purpose for higher speeds but the stresses exerted on them during the stop and start of the winder would cause the rolls to bend or potentially snap. To navigate this issue the spool material and support within the spool is hardened as displayed in figure 38, this allows for the ramp rates to be increased, this also helps when defects are found and the winder is required to slow down therefore the defect can be removed quickly with the improve ramps.
[bookmark: _Toc159611501]Figure 38 - Winder Spools
[image: ]These improvements over the course of the year would return great benefits for the business as shown in figure 39.
The investment would be £2.25m with an annual return of £3.61m and a first year saving of £1.36m. Return on investment would take 7.47 months making the project extremely beneficial.
[bookmark: _Toc159611502]Figure 39 - Financial Summary
Overall utilising DES in this situation has shown the potential of the process should an investment be made, this simulation allows for peace of mind when investing large sums of capital to ensure the payback is at minimal risk.
Conclusions
To conclude on the discussions within this literature DFAM, AM and DES have shown they are already very powerful and accurate tools that can help businesses improve multiple areas for both performance and profitability. DFAM and DES will play key roles in the future of organisations to allow far more accuracy and flexibility in their offerings to customers, it will be the areas in figure 40 that businesses will look to improve and streamline using these techniques but the businesses that adapt to these technologies the quickest will surely be the ones that succeed.
Figure 40 - Business Inputs / Outputs (Love, 1996) 
[image: ]
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PM9 Steam flow for drying ~ 10.3/22

Before implementation After implementation

reduction of steam consumption by 7,75%
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Simulation results Real result Error

Number of replication _ Average value of EC (kWh) _ Half width minimum (kWh)  Min (kWh) Max (kW) EC (kWh) (kWh) (%)
500 1.1126 0687 1,087.7 1,1402 1,088 246 22
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D: intended for new investments? 15 16 7 0
intended for improvements in current manufacturing system? 10 17 9 0

F: intended for staffing in production? 6 16 14 1
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Jumbo Reel 

Input

Winder Speed 

Avg (mins)

WIP

Discharge Speed 

(Mins)

Process Output

Original 21 8 16 1 320

New 27 6 3 1 429

Improvement 22% 25% 81% 0% 25%
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Financial Summary

Chain Transfer 1,250,000 £             

Spool and Roll Upgrades 1,000,000 £             

Current Profit 10,598,400.00 £     

New Profit 14,208,480.00 £     

Profit +/- 3,610,080.00 £        

Project Saving 1,360,080.00 £        

ROI  7.47 months
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