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Design for Industry 4.0

Industry 4.0 effects on Design at UKWDG


1. Introduction												
UK Windows and Doors Group Ltd

UK Windows and Doors Group Ltd (UKWDG) is a large company that produces PVCu windows and doors for residential and commercial buildings. The average output is 1200 units per day (UKWDG, June 2023), making it one of the largest window and door fabricators in the UK.

The company employs over 900 personnel across several divisions which provide components of the window or door units. The 3 major sites representing the different divisions are:
· Duraflex – a PVCu extrusion facility that produces specified Profile types which are used to build the Outerframe, sash frames and interconnecting parts. The process involves PVCu pellets fed into extrusion machines which heat, compress and drive material through a specific Die to produce lengths of PVCu Profile.
· Techniglass – a glass processing facility that converts 6 metres by 3 metre sheets of glass into double or triple glazed Insulated Glass Units (IGUs) of various sizes.
· Treorchy Fabrication – a manufacturing facility that uses PVCu Profile lengths to manufacture frames and sashes, which are then manually assembled with IGUs and dedicated hardware, such as handles, and locks, to produce a finished window, door, or patio unit.

The company operates in a very competitive market, with constant challenges of cost, labour, customer turnover, and regular changes of industry standards. Productivity improvements, efficiency gains, and product customisation are all areas of focus to reduce costs, provide innovative solutions for customers and remain compliant to standards.


2. Design for X

There are many ways to improve efficiency, such as improving materials, tools, processes, plant layout etc, but consideration of manufacturing and assembly during product design holds the greatest potential for significant reduction in production costs and increased productivity. (Boothroyd, 2005)

Boothroyd states that improvements in product design leads to greater economy in the manufacture of parts and the assembly of products and will always result in improvements in labour and productivity. (Boothroyd, 2005)

This is where Design for X (DFX) is important, focussing on crucial aspects on the design phase of the product. 
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(Velling, 2021)

The X in DFX stands for excellence. Design for Excellence is a philosophy that provides design guidelines. These guidelines refer to many areas of focus, such as Design for Manufacture (DFM), Design for Assembly (DFA), Design for Quality (DFQ) and Design for Sustainability (DFS).

Design for Manufacture (DFM)

A product design aspect that focusses on the material selection and manufacturing process to create a better design with lower costs, resulting in a final product that is easier to manufacture in less time, compared to the original design. There are 5 principles that are used to optimise designs to aid manufacturing. These are:

Process
· The appropriate manufacturing process for the product must be decided. For example, to produce lengths of PVCu profile, extrusion is the swiftest method for the high volumes required.

Design
· This involves designing the product with consideration to the manufacturing process. To design PVCu profile with different wall thicknesses along its length would not be suitable for extrusion, so uniform thickness along its length is designed.

Material
· Once the design drawing is complete the materials must be evaluated. Raw material aspects such as strength, cost, thermal resistance, and surface finish can be considered. Also, the raw material supply form is a factor. For example, PVCu is supplied to Duraflex in pellet form, which is efficient to transport and transfer within the facility.

Environment
· The final product normal working conditions. Specification should be based on ‘fit-for purpose’. There are varying grades of PVCu plus additives that can be used, but for cost purposes the best specification is not selected. A warranty period of 10 years is specified, so the product design must satisfy the 10-year warranty period in the expected environment.

Compliance/Testing
· Final tests and accreditations must be considered. A lower cost product may not satisfy required accreditations. For example, PVCu profile could reduce wall thickness, but would degrade its Thermal transmittance value (U-value), which is the rate of transfer of heat through a structure. This is set by Building Regulations and currently set at 1.6W/m2k. (HM Goverment, 2021)

Designs should incorporate DFM at the early stages of design, to ensure costs of change are kept low. To change a product design once the production process has been implemented would be a higher cost than changing a product design at the ‘on-paper’ phase.
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(Sild, 2021)
Design for Assembly (DFA)

Designers must consider the assembly process, simplifying the product so it is easy to assemble, reducing the number of components and number of operations required.

Minimising the parts used reduces inventory required, skill to assemble and processes to assemble.

[image: A diagram of parts and assembly instructions

Description automatically generated]
(Velling, 2021)

Less parts also reduces errors, as there are less processes where mistakes could be made. If parts are to be used, then Standard Components that are readily available should be used to reduce the Bill of materials.

The designer must also consider how to speed up the assembly process. 
· Snap fit fixtures are faster than screws.
· Using self-locating fixtures increases assembly accuracy, as below:

[image: A diagram of a couple of blocks
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(Arroyo, 2020)


Design for Automated Assembly (DFAA)

DFAA has similar principles to DFA, but with an automated machine or robot as the assembler. With less flexibility the parts, orientation and how the parts to be assembled are delivered are major factors to ensure the automated system is efficient.

Considering one direction of fitting reduces complexity of the equipment. For examples fixing components together from above only, reduces the movement requirements of the automated equipment.

Fixed presentation of the required parts reduces errors and improves repeatability of the robot assembly.

Design for Manufacture and Assembly (DFMA)

This is a combination of DFA and DFM, with the goal of maximising the use of manufacturing processes whilst reducing the number of components needed to be assembled. It requires the designer to have access to manufacturing knowledge and work on the design as an evaluated process. It is a continuous improvement cycle starting at concept design through to final design, commonly undertaken by a cross functional team to utilise design, manufacturing and process input.

UKWDG uses an assembly process when fitting hardware to the windows and doors. To error proof the fitting of these items Automated Saw Centres drill prescribed holes where the hardware is to be fitted, thus standardising the process, and removing errors that may be caused by manual drilling. The below requirements are programmed into the Saw Centre as a repeated operation. Previously these holes were manually drilled using jigs, which was slower and prone to error.
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The above is for window handles, as show being fitted below:
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(Everest 2020, 2020)

Design for Quality (DFQ)

The customer is requiring a quality product. Design for Quality focusses the design to conform to the following attributes that a customer evaluates with regards to quality:
· Performance – meets the function required.
· Features – other characteristics that improves the basic function.
· Reliability – how well it maintains its quality.
· Conformance – meets the required standard.
· Durability – how long it lasts when in use, for example UKWDG offer a 10-year warranty.
· Serviceability – ease of maintenance
· Aesthetics – how good the product looks.
· Perceived Quality – reputational quality of the product – this would be a comparison against competitors.

These all contribute to customer satisfaction, which is a measure of product quality. DFQ is checked with internal processes, such as ‘End of Line Quality Control (QC)’ to check quality requirements of the product before it is released to the customer. The final product should meet the DFQ attributes expected to ensure a product that is fit for purpose and meets the customer expectations.

Design for Sustainability (DFS)

Environmental Aspects and Impacts are a growing specification for products. The focus on sustainability is being realised with new accreditations and expectations – ISO:14001 – Environmental Management and ISO:50001 – Energy Management, both of which are required by the customer. To comply with these standards, and to encourage a sustainable approach to the product, the design of the product must be addressed. Using recyclable materials and green manufacturing techniques are required to lower the carbon footprint of a product.

UKWDG have designed extrusion tooling to allow 50% of the product to be recycled materials. Due to the colour not fully achievable by recycled materials the core of the profile can be recycled material, but the face of the product is still virgin material. This requires a Co-extrusion tool, feeding the 2 material types into one Die to extrude into one piece, as below.


[image: A black and white drawing of a mechanical device
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(GreinerExtrusionGroup, 2021)
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(GreinerExtrusionGroup, 2021)
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Co-extruded profile - sliced (Exelliq, n.d.)


The PVCu profile is also fully recyclable, so is a sustainable product.


3. Industry 4.0 Technology

Industry 4.0 or the 4th Industrial Revolution enables the automation of traditional manufacturing and industrial processes using technologies such as Industrial Internet of Things (IIOT), Big Data, Artificial Intelligence (A.I.), robotics and Autonomous systems.

“This emerging Industry 4.0 concept is an umbrella term for a new industrial paradigm that embraces a set of future industrial developments regarding Cyber-Physical Systems (CPS), Internet of Things (IoT), Internet of Services (IoS), Robotics, Big Data, Cloud Manufacturing and Augmented Reality”.
(A.C. Pereira, 2017)
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“The word ‘revolution’ denotes an abrupt and radical change. Revolutions have occurred throughout history when new technologies and novel ways of perceiving the world triggers a profound change in economic systems and social structures” (Schwab, 2017)

As per the previous Industrial Revolutions a radical change in available industrial technology has triggered a 4th.

Industry 4.0 technologies has brought about the processing of vast amounts of data, which has enabled the Design function to be enhanced. The Industrial Internet of Things consists of Smart devices capable of gathering intelligent data in vast quantities. This Big Data can be used to analyse many applications, scenarios, processes, and situations. Secure Cloud Computing enables systems to process this Big Data to deliver swift decisions, performance analytics and enable real-time monitoring on virtual platforms.
4. Industry 4.0 for Design

Opportunities to enhance the design process with Industry 4.0 technologies are abundant. Focussing on Design for X the following are examples of where Industry 4.0 can improve the Design process.

Additive manufacturing (AM)

Additive Manufacturing uses data computer-aided-design (CAD) software to instruct printers to deposit material, layer by layer, in precise geometric shapes. Additive manufacturing adds material to create an object, whereas traditional manufacturing methods are subtractive, removing material through milling, carving machining etc. This results in less material being used.

[image: additive-manufacturing-process]
(Suzuki, 2023)

Additive Manufacturing refers to technologies that build three-dimensional objects one layer at a time. CAD Software slices the designed object into thin layers to create an .STL file. This file instructs the path of a nozzle or printhead to deposit material layer by layer into a 3D replica of the CAD design. This allows more complex geometric objects to be produced, that traditional processes could not accomplish. 

There are various types including Powder Bed Fusion (PBF) which is used in a variety of Additive Manufacturing processes, including Direct Metal Laser Melting (DMLM). DMLM involves the melting of metal powder into liquid pools. The .STL file guides the ‘printing’ of sequential, micro thin layers of fully melted metal powders. Various metals can be used, including aluminium alloys and titanium. Once printing is complete the excess powder is removed, leaving a high-resolution object with a smooth surface that requires little or no post-processing.

[image: Direct Metal Laser Melting process]

In aerospace DMLM has been used to fabricate parts for jet engines, for example GE are printing fuel nozzles for its CFM LEAP engines using this technology. Additive Manufacturing’s ability to produce complex geometric structures has enabled the design of the 3D-printed fuel nozzle to reduce 20 fabricated parts that were welded together down to just one whole piece. (General Electric, 2023)

[image: ]
(General Electric, 2018)

Design For Manufacturing and Assembly (DFMA)- the component is using less parts, and the manufacturing process is optimum to manufacture the component – other methods could not produce singular part.

Design For Sustainability (DFS) – additive manufacturing enables designs using less material, which improves the sustainability of the product. Plus, it only adds material required by the design. Traditional manufacturing methods naturally waste material – subtractive manufacturing.

Design For Quality (DFQ) - A product of improved quality, and has passed stringent tests for aerospace components, is now currently in use.

Additive Manufacturing – UKWDG

Duraflex Extrusion site has a technical department that designs and modifies tool designs used in the Extrusion process.  Customer requirements and changes in Standards requires frequent customisation of the Profile designs, such as structural integrity, surface finish, or thermal properties. In the past a CAD drawing was developed and sent to the tool manufacturer in Austria, who would make a prototype Die, taking 6 months to manufacture after which it was sent to Duraflex. If trials were unsuccessful, indicating the design was incorrect, then the tool would have to be sent back to Austria for modification or scrapped, triggering a cost to replace the prototype with a new design.

In the last few years Duraflex has invested in 3D printing technology of the Material Jetting type, extruding spooled PLA through a heated nozzle mounted on a movable axis. The nozzle moves, whilst the bed lowers vertically for each layer. This investment has enabled Rapid Prototyping of Profile designs to determine the specification is correct before ordering a new Tool and Die from Austria. 

The RAISE3D PRO2 3D Printer is in the technical laboratory. 3D CAD designs are created on Solidworks and transferred to Ideamaker as a .STL File. Ideamaker converts the STL to G-code which is read by the 3D printer. The file is sent to the printer to produce. The RAISE3D PRO2 offers dual extrusion, and a layer height of 0.1mm
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This allows Duraflex to customise products swiftly and reduce the risk of incorrect design. Benefits include time to prototype, resulting in swifter design to production capability, costs of prototype Die, and reduces the Carbon Footprint of the design – material resources, and transportation of the prototype Die from Austria.

Design For Manufacturing and Assembly (DFMA) – The manufacturing process of using 3D Printer has enabled the use of low costing materials, to print a prototype part. The design is a one-piece assembly, requiring assembly via the 3D printer. Although, mass production would not be suitable to this manufacturing method.

Design For Sustainability (DFS) – Additive manufacturing uses only the material required, rather than subtractive manufacturing. The rapid prototype has eliminated the potential Carbon footprint of wasted designs from Austria.

Design For Quality (DFQ) - the process is used to achieve the Design for Quality attributes. Prototype compared to set standards and measurements prescribed by the customer.

Economic impact – Low-cost materials, speeding up the design to production process, which results in swifter customisation opportunities. Large cost savings in time and resources, should the design not be correct – errors can be detected and corrected to 3D print another prototype within hours.

Generative Design

Another Industry 4.0 technology is Artificial intelligence (A.I.). Generative Design is a form of AI that automates the design process. It is commonly used with CAD for product and building design, although is branching out in other applications, such as artwork.

[image: A building with a curved roof
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Heydar Aliyev Centre, Baku, Azerbaijan
(Zaha Hadid Architects, n.d.)

Specific software packages, such as Autodesk Fusion 360 specialise in Generative Design. No base design is required, with the designer inputting goals, limits and constraints, which include:
· Material type – many types can be selected as design options – titanium, aluminium, steel, ABS etc.
· Manufacturing process – for example, Additive Manufacturing, CNC milling, etc
· Safety Factor – design strength required of the component.
· Reference geometries can be designed by the Designer – optional objects to guide the design.
· Cost constraints
· Mass reduction – directing the software to reduce material required.
· 
[image: A yellow and red object with red tubes
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Autodesk Fusion 360

The software then uses AI based algorithms and Cloud Computing to process and output an array of design options that meet the criteria.

Cloud Computing, another Industry 4.0 technology, allows a company to use data centre servers hosted by a provider (Infrastructure as a Service (IaaS)) to support the computational power required to use Generative Design affectively. 

[image: A diagram of a machine learning process

Description automatically generated]

The generated designs are ranked by Recommendation, with the designer choosing whichever they see most suitable.
[image: A screenshot of a computer
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Autodesk Fusion 360

Honda R&D have recently used Generative Design to produce a Crankshaft weighing 50% lighter. An initiative to reduce the Carbon Footprint of Transport by reducing the weight of components led Honda to use Generative Design and Additive Manufacturing to produce this lighter component.

[image: ]
 A rendering of the generative design crankshaft model. (Matsunaka, 2022)


Honda provided the data on weight various operating constraints and an Autodesk team produced the design using Fusion 360.

Design For Manufacturing and Assembly (DFMA) – Generative Design has enabled concept designs using less material, and meeting set design criteria. The assembly and manufacturing method are recommended by the software to create the most suitable design, in one piece.

Design For Sustainability (DFS) – Optimum designs commonly result in less materials, thus less Resource Capital. 

Design For Quality (DFQ) - The quality or design criteria is set by the designer and the software automatically produce designs to meet the quality or specification, often giving designs that exceed the set parameters. It is up to the designer to choose the design based on other criteria, such as cost.

Economic impact – Time is the major benefit. A base design is not required, and numerous options are generated, which would take human a longer time to complete. Design accuracy also reduces the opportunity for waste.

Generative Design – UKWDG

Generative Design is an opportunity for UKWDG. PVCu profile is set by goals, constraints, and standard technical criteria. Generative Design could be used alongside Additive manufacturing to design Profile with less material, and costs.

Mass Customisation

Generative Design and Additive Manufacturing offer swift customisation of products from a design and prototype aspect. UKWDG products such as windows and doors, do not suit Additive Manufacturing as a manufacturing type, so would limit the opportunity to the design of new Profile types, which is a lot swifter than previous methods. The swifter solution can attract customers from competitors who would take longer to produce customised solutions.

Process Design

Product Design can be advanced by Industry 4.0 technologies, but so can Process Design. The process of manufacturing products can be enhanced by Industry 4.0 technologies. 

Radio Frequency Identification (RFID)

RFID utilises radio wave technology to enable Smart tracking. It involves 2 components – RFID tag, that consists of a programmable integrated circuit and an antenna; and an RFID reader which emits radio waves, which trigger the RFID tag when it passes the reader.

[image: A close-up of a cell phone
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(SICK AG, 2022)

A current problem with the type of product UKWDG manufacture is the variety of sizes and styles, often requiring small stoppages to setup the production line to suit a frame 50mm wider, or longer.

RFID systems can be programmed to hold enough information to identify specific products. To enhance Process design and enable better customisation UKWDG can RFID tag all products. As the product passes ‘gates’ containing RFID readers the product type will be read and the production equipment can automatically re-size or setup to suit the scanned product. A DFMA can be considered to analyse this opportunity and develop the production equipment to adopt RFID technology.

DFQ can also be enhanced by RFID technology. Currently some products miss QC checkpoints, increasing the risk of products that do not meet the design quality to be delivered to customers. RFID technology can track the product to the despatch area and trigger an alarm for products that have not passed through all the required QC stations. RFID would provide traceable verification of 100% QC checked products, which is a guarantee to UKWDG customers.











5. Conclusion

Industry 4.0 technologies can greatly enhance Product Design and Process Design. The opportunities for improvement are great, but consideration must be given to economic and societal factors. 

For example, the Industrial Internet of Things has enabled vast data gathering using Smart and intelligent devices. This Big Data can now be processed by Cloud computing, which can produce a Digital Twin of the production environment – real-time representation of the production system, with which the process can be evaluated, re-designed and optimised. UKWDG has varied equipment, of differing ages, some of which is controlled by DOS based systems. To utilise IIOT nearly 50% of the equipment in the Treorchy manufacturing facility would have to be replaced, which is not economically viable. The same challenge applies to robotic automation versus the economic resources available. 

Additive Manufacturing has accelerated the product design process for UKWDG. This however has triggered the query on employment. Would a faster process, reduce the need for 5 designers? No, the initial fear of technology replacing people was quickly quelled with the 5 designers able to design even more customisation opportunities and attracting more customers to the business.

Despite the economic challenges Industry 4.0 can enhance Design efficiency to improve the economic resources of UKWDG, enabling the opportunity to invest in further Industry 4.0 technologies to radically enhance the process design of the manufacturing operation.
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