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Industry 4.0 technologies are revolutionising the way that we manufacture and therefore design products at a pace that has never been seen before. 
Driven by a global explosion of consumerism in what is now a very much “on demand” society that we live in, the technologies are increasing the rate and complexity of production in order for suppliers and businesses to keep up with the insatiable appetite from what is now a real global customer base for most companies due to the accessibility provided by the internet and the thousands of platform based technologies that help support a growing ecommerce industry.
With this growth however comes a grave concern that this global openness and throwaway, buy new culture is only exacerbating the very real problem that is pollution, in our air, land and water. The world is dealing with the devastating effects that are the result of the detrimental backlash of the technologies that have allowed us to achieve such dramatic success and growth over the last few centuries, in particular our dependence on fossil fuels and linear economic models. To the degree that, according to the (WHO, 2021), Climate Change is the “biggest health threat facing humanity”. The rise in natural disasters due to increased global temperatures is the obvious headline news you see ever more frequently, but the underlying repercussions of an unsustainable world such as greater social inequality, disruption of livelihoods and billions of pounds of damages to health from decline in agriculture and poorer sanitation, go to show that the challenges being fought are on many fronts and will affect every human being in some way during their lifetime.
It is hoped that the new technologies Industry 4.0 offer can be deployed in a way that not only satisfies the growing demand of a global economy, but also aids in the race to provide solutions to tackle issues such as global warming and disrupt the historical linear economy model that although has served us well until this point, must change to create a sustainable future for this and future generations.
Design for Industry 4.0 will play a key part in this cultural shift from a linear to circular economy, for it is at the design stage that the most impactful change can be made so that future products, machines, and services can live longer and can continue to add value long after the primary reason for their creation has come to an end.
[bookmark: _Toc126616140]Industry 4.0
Industry 4.0 is a term coined at the Hannover Fair in Germany, 2011, to reflect advancements in automation fields integrated with technology (Ortiz, 2020). Since then, it has come to represent a much larger movement, advancements in technologies such as the Internet of Things (IoT), Additive Manufacturing, Advanced Robotics and Artificial Intelligence (AI) that make up the Fourth Industrial Revolution.
The Fourth Industrial Revolution, or Industry 4.0, looks to build on the gains made by the digital revolution that took place within the Third Industrial Revolution by combining the technologies developed during the period to provide a more connected, customisable, and efficient environment that is looking to push the boundaries on what is possible within manufacturing and servicing through the combination of humans, machinery, and technology.
In relation to how these technologies are disrupting the design of such products, take for example the advancements made in additive manufacturing (AM). What was once used a method for producing prototypes to then be used for existing production methods such as injection moulding or machining, AM is now a very real solution for end-use part production and is being used in many industries such as motor, health care and clothing (Carlota, V, 2020). Not only have technological advancements made the production times comparable, and in some cases better, it is allowing for far more complicated and customizable products for the end user with often less waste of primary construction materials.
Technologies such as AM are offering designers a chance to not only design products that are less wasteful to make, but they can also now consider designing them in a way that they can be reused or repurposed once their primary function has ceased.
In Lean philosophy, the target of “batch size one” is based on the idea that the smaller the production batch size is, the more efficiently and cost effective the product can be made when you consider it can, increase feedback time of product quality, reduce inventory retention, increase customization opportunities and can reduce overproduction of an unwanted product if market demand changes (Edwards, 2012).
[bookmark: _Toc126616141]Linear and Circular Economies
[bookmark: _Toc126616142]Linear Economy
The term “linear economy” refers to the traditional production methods that use a “take-make-dispose” approach to manufacturing (Dieguez, 2020). 
It represents a model that is based on extracting the raw materials needed for manufacture from a natural environment, following them through a production process that each points adds value to the product until it is delivered to the end user. Following its life cycle, the product is then disposed of either through landfill or burning, for example, where it has a negative impact on nature but also society when you consider the detrimental effects such disposal has on living conditions and environments in many places across the globe. Another and negative attribute of a linear model is that by nature of the “straight line” route the product takes from extraction to disposal, value creation is also a linear process and only occurs during the manipulation of the product at each production stage and concludes when the final part is complete. Once sold, the product delivers no further value to the manufacturer. An example of a linear model can be seen in the diagram below:
[image: ]
[bookmark: _Toc126587266]Figure 1 - Example of a Linear Economy Model (Wautelet, T, 2018)
In this model, the focus is primarily to benefit the businesses that manufacture the goods, often at the detriment to the environment and even society further down the line. The linear model has been prevalent for as long as humans have been producing goods. However, it was not until the first industrial revolution in the 1700’s that the impact of such model started having a dramatic effect on the environment we live in. The introduction of machines and equipment that required coal powered steam engines brought the beginning of mass extraction of coal and other minerals such as iron and copper ores, so much so that to this day across the globe the landscapes have been forever scarred by the displacement of millions of tonnes of earth during the mining processes that took place.
Fast forward three hundred years and the discovery of electricity, gas, and oil, driven by an unrelenting humanistic need for advancement, has left the world a monumental challenge of weaning itself off the traditional power generation methods that, in their defence, have allowed us to develop more in the last several hundred years than the millennia before it, but have come at significant cost with the environmental impact and challenges they have also left behind.
[bookmark: _Toc126616143]Circular Economy
Circular Economy (CE) models can be categorised into two groups; one that looks at how a product can be re-used or repurposed in its original capacity following end of life, and another that looks at reclaiming the primary materials of a said product and in turn creating a totally new product from them, suggests (Stahel, 2016). 
CE provides a closed loop systematic approach that considers a product from “cradle to cradle”, as opposed to the linear approach of cradle to grave. It is important to mention at this point that a CE approach does not just consider the direct consequences of a product from raw material to sale, instead it goes further and considers the total life effect it has on the micro and macro environmental, societal, and economic considerations (Kara, 2022).
A good visual representation of a CE model can be found below. It highlights the steps considered when discussing Circular economy, but also indicates two challenges that even the most circular of models will have difficulty of overcoming, the need for raw materials and the problem for of residual waste within such systems. Both highlight a very valid point, is a circular economy approach a sustainable one? Afterall, by definition sustainable means “ability to be maintained at a certain rate or level” (Cambridge Dictionary, 2023). The terms circular economy and sustainability are often heard together, but literature by (Kara, 2022) and (Hapuwatte & Jawahir, 2021) suggest that CE presents its own challenges to sustainability as although it can save on materials and resources, current technologies mean that repurposing or manufacturing techniques may often lead to increased process energy and transport costs.
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[bookmark: _Toc126587267]Figure 2 - Circular Economy model (Manage Mentors, 2020)
(Hapuwatte & Jawahir, 2021) state that considerations for circular economy is most impactful at the design stage. It is therefore reasonable to suggest that financial support into the research of new design technologies and methods would bring a substantial return of investment, not just in monetary terms but also in social and environmental aspects. This reasoning is supported by (Pradel, et al., 2019) who suggest up to 80% of a product’s total cost is committed during the design stage.
[bookmark: _Toc126616144]Design for Industry 4.0 and a Circular Economy
Governments and society are now coming to terms with the challenges ahead, with many ambitious targets now in place such as the UN’s “Race to Zero”, which is a collaboration of more than 70 countries to reduce emissions by 45% by 2030 and “Net Zero” by 2050, that would account for 76% of global emissions (United Nations, 2023). Although the agenda and feeling behind these targets are well placed, the reality is that most products in circulation now have not been designed with a circular model in mind, there are still many products being produced that you cannot suitably recycle, never mind reuse, or remanufacture. It is therefore essential that there is a paradigm shift towards design for reuse, remanufacture and repair, not just for consideration for recycling (Johansson, 2021).
Following a significant literature review by (Hapuwatte & Jawahir, 2021), a conclusion was made that at this time there are no robust design models in place for products that incorporate the sustainability triple bottom line (TLB), which is made up of Profit, People and Planet. That is due to most current models predominantly neglecting the societal impact from the design considerations and calculations. It is therefore suggested that a circular model that incorporates key metrics such as the below should be considered at the beginning of any product design:
· Resource conservation
· Multiple cycles
· Long-life use
· System change
In doing this. It is argued that benefit will be seen in both the short- and long-term sustainable challenges with this approach as it will reduce raw material consumption and minimise waste to landfill.
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[bookmark: _Toc126587268]Figure 3 - Visualisation of the synthesis of Sustainable and Circular models (Hapuwatte & Jawahir, 2021)
The above image offers, and excellent visualisation of how sustainable design considerations can be synthesised with circular design consideration to provide a robust solution. It highlights all the key stakeholders who should be considered during the design stage and the metrics within the design stages such at TBL, the 6R’s and perpetual resource flow.
(Pradel, et al., 2019) go on to explain how big of a paradigm shift the move from a linear based design model to a circular one really is. In a paper in 2019, they explain that in a liner model, the design stage had a natural end point where the “finalised” design would be handed over for manufacturing. However, with the move to a circular model, the end point of the design process may not necessarily come at point of manufacture. He goes onto suggest that rapid prototyping and AM advancements now allow for endless amount of modification, updating or upgrading to a design, which goes on to raise saliant questions around design validation, protection, and marketing. One answer Pradel proposes as a solution is the use of Beta designs that are contained within a computerised systems as opposed to being physically created. With CAD and modelling software now offering enormous potential in test proofing a product against a certain design criterion without having to go through physical testing, it is suggested that a shift to a design model that considers each design a prototype that gives the base information for the next design iteration, each time being built on and modified in reflection to external changes in demand.
[bookmark: _Toc126616145]Examples of Industry 4.0 Technologies in Design
According to (King, 2023), research has identified six key principles that must be embraced by any company or organisation to ensure a successful adoption of Industry 4.0 technologies. 
· Interoperability: The ability of objects, machines, and people to communicate and coordinate activities. 
· Virtualisation: The ability to simulate physical resources virtually, best shown in the development of “digital twin” solutions that offer a complete digital and interactive replication of a physical asset. 
· Decentralisation: The moving of information or decision making from large systems to individual components. 
· Real-time capability: The capture and analysis of data to make quick, real-time decisions. In manufacturing terms, sensor technologies in product or systems can be used to provide this real-time communication. 
· Service orientation: The essentially refers to the use of data analytic insights and technology to provide unique services to your customer base leverage the information that you are gathering about their needs and the environment in which their product or service is attributed to. 
· Modularity: This principle can be closely related to Lean philosophies as it suggests organisations remain modular, whether that be in the sense of small team assigned to specific elements of a business or the use of modular software systems to support business disciplines. This allows the business to remain agile to suit changing customer or industry requirements.
It is therefore reasonable to suggest that these principles must also be applicable to the design processes and the teams that facilitate them. They must be integrated into the well-known systematic design approach referred to as “Design for Excellence”, or “Design for X”. This approach asks that four considerations are made during the design phase, which are cost, quality, reliability, and recyclability in the product and supply chains. In doing this, Industry 4.0 technologies may be utilised in the most efficient and cost-effective way whilst maintaining a sound method for product development (Hessing, T, 2019).
Technologies such as 3D scanning are allowing designers to get specific and bespoke data that they can then design a product for or around. This accuracy combined with the significant advancements in Computer Aided Design software, computational power and modelling software mean that a product can be designed, tested, and optimised without ever leaving a screen. This agility is driving down the cost of design as it is driving down cost by removing the need for prototypes to be made. 3D scanning technology also offers the opportunity to non-destructively reverse engineer products, which can be measured to pinpoint accuracy and then made precisely and efficiently using more Industry 4.0 technology such as 3D printing (Halee, 2022).
Inclusion of smart technologies such as sensors or “smart materials” at the design stage are allowing products to interact with the wider manufacturing and monitoring systems which the real-time data transfer, opening enormous opportunities for products to be monitored for performance and fatigue throughout their life cycle, allowing end-of-life optimisation and more efficient replacement.
3D technology is of particular interest to the author due to the opportunities it presents to completely disrupt the industry in which they are employed, the construction industry. Affordable and sustainable housing is becoming a serious problem, not just locally but across the globe. In the UK alone, demand is such that the government have committed to the building of 300,000 new homes per year, a target which they yet to meet (UK Parliament, 2022). This increase in construction will exacerbate further the worrying impact that buildings have on the environment, with almost 40% of global energy being attributed to the building industry (The Economist, 2022). This environmental impact is only compounded when you consider the number of raw materials, such as aggregate and other cementitious materials, that are removed from the ground each year.
The 3D printing of homes is a very possible solution to this problem as it will significantly reduce the need for raw materials, will drastically reduce the supply chain and therefore reduce transport emissions, create less waste during construction and are far more customisable that your traditional home (Freeze, P, 2022). 
Leveraging automated assembly and robotics technology is another serious challenge to product designers when considering Design for Industry 4.0. With these technologies allowing for increased production and quality opportunities, it is essential that they are designed to accommodate automated assembly, Even the smallest of factors such as how many types of screws are used in a product can have an enormous impact on the efficiency and effectiveness of automated assembly. Therefore, as (Launch Pad, 2021) suggests, the most effective way to design for automated assembly is to keep it as simple as possible and minimise the number of assembly steps to as few as possible. 
[bookmark: _Toc126616146]Example of Design for Circular Economy
There are many examples of design for circular economy products even today, spanning many different market areas and industries.
Desso, a flooring company at the forefront of circular design have the possibility of causing significant disruption to the industry in which it operates. Not only has it incorporated recyclable yarn into its product than can be easily separated from the main structure for re-use but is also offers a subscription base purchasing model that ensures that the product is returned after it comes to the end of its primary life cycle and is not put to landfill. This model offers continued value from a single product, right through its primary life cycle and beyond, as opposed to a traditional linear model that would only see value up to the point of sale (EM Foundation, 2023).
A compostable foodservice packaging company called BioPak are another intriguing company that are challenging traditional product designs within its industry and the sustainability challenges it presents. Made from renewable plant-base material, they offer an alternative to single use packing options which even if recyclable, often end up at landfill due to the problem of food contamination on the material. They make it clear that a renewable plant-based alternative is not a full circular option as typically, such product still needs to go to landfill. So, to overcome this they offer a collection and composting service that ensures the package and any food waste left within it are reused and contribute to the preservation of healthy soils (BioPak, 2023).
[bookmark: _Toc126616147]Detrimental impact of Industry 4.0 
Despite the many and obvious benefits that Industry 4.0 driven technologies and products present, there are still some important considerations to be made as a global community to ensure that they are deployed and leveraged in the fairest way possible, to enhance the lives of the global population and not just the select few who benefit directly from them.
For example, the design for and implementation of automated assembly will, and has already made a huge impact on global employment opportunities, with (PWC, 2023) suggesting that up to 30% of employment could be affected by it by 2030. With more and more low skilled jobs being occupied by automated services, such as call lines or manufacturing lines, without the correct planning in place there is a catastrophic risk of global unemployment over the coming decade. Some mitigations are being considered already to be able to deal with this problem, such as the Welsh Governments trial of a Basic Income scheme that will provide of age adults a salary whether they are in employment or not (Gov.Wales, 2022). Whilst this may solve the financial loss to workers, it does not consider humanistic factors such as the enjoyment and fulfilment of work and progression.
Another issue that will be present is the lack of suitably trained people to facilitate the design, maintenance, and operation of said technologies. It is therefore a prerequisite of any government or organisation to fully understand their people’s training levels and capabilities or they risk the inability to fully leverage the technologies and opportunities available.
[bookmark: _Toc126616148]Conclusion
It is clear that Industry 4.0 technologies have so far, and will continue to disrupt the traditional methods of manufacturing and design. With this disruption however comes a real opportunity to use said technologies to tackle the global issues that have presented themselves on a long-term reliance on linear based design and manufacturing models. With the technologies and application still in their relevant infancies, as suggested by (Hapuwatte & Jawahir, 2021) there is some work to do to provide product designers with a workable framework that can be applied throughout the design phases to not only satisfy the insatiable global consumerism that is prevalent in todays society, but to do it a sustainable way through more circular driven design and manufacturing models. 
Despite these challenges, it is an exciting time for those who are working daily to face these challenges and provide solutions. Opportunities to change from a product-based service model to a service-based model offers businesses a real opportunity to retain value from a product up to and beyond its primary life cycle. Such models however will require innovative new design methods and techniques to ensure these products are able to not only meet extended primary life cycles, but can then be easily reused, remanufactured, or repurposed continuously in a closed-loop sustainable model.
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