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Introduction:
According to fdf.org ‘Food and drink manufacturing contributes more to the economy than all other manufacturing sectors, including automotive and aerospace.’ There are 11,675 food and drink manufacturers of which 97% are SMEs (FDF).
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Fig. 1: Infographic of Food Industry value 2021 (FDF)
With ever increasing industry pressures to ensure security of supply, improve quality and reduce costs the role of industry 4.0 technology within food manufacturing is becoming increasingly important. In recent years added pressures from the covid-19 pandemic, Brexit, labour shortages and the impact of the geo political climate (i.e. the war in Ukraine) should further accelerate advanced manufacturing requirements. The industry has also been hit by other historically unforeseen challenges. 
In May 2022 peanut traces where identified chocolate steaming from Soybean lecithin due to cross contamination at the initial processor. The war in Ukraine has created international shortages and price increase of commodity items such as vegetable oils and wheat. The impact on labour from Brexit - Parliament.uk state that ‘in August 2021, the number of vacancies was estimated to be 500,000 out of 4.1 million roles in the sector’. (Labour shortages in the food and farming sector Fourth Report of Session 2021-22 Report, together with formal minutes relating to the report by authority of the House of Commons, 2022a).
Faced with these headwinds there could well be a stronger place for industry 4.0 technologies. However, the applications must consider commercial and social impacts to ensure a ‘real’ benefit to industry.  


 
Historical Context:
‘Synonymous with smart manufacturing, Industry 4.0 is the realization of the digital transformation of the field, delivering real-time decision making, enhanced productivity, flexibility and agility’ (IBM)
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Fig. 2 (“The Main Benefits and Challenges of Industry 4.0 Adoption in Manufacturing”) Why adopting Industry 4.0 in Manufacturing? | Infopulse
Fig.2 illustrates the 4 stages of industrial revolution. The first phase occurred at end of 18th century Britain with the introduction of mechanical production equipment utilising key natural resources in water, coal and iron. The second phase saw the introduction of electricity and Henry Ford installed the first moving assembly line reducing the time to produce a car from over twelve hours to under 3 (Sharman). Phase 3 further improved manufacturing capabilities and consistency with the application of IT and computers. We now consider ourselves at phase four – industry 4.0 advanced manufacturing. 
According to Erboz (2017, pp.761–767) there are nine key pillars in industry 4.0 defined as:
· Big Data and Analytics
· Autonomous Robots
· Simulation
· Horizontal and vertical systems integration 
· The Industrial Internet of Things 
· The Cloud
· Additive Manufacturing
· Augmented Reality (AR)
· Cyber Security
Food Manufacturing Systems: 
‘A manufacturing system is a collection of machines, tools, and processes that are used to produce goods or services. It typically includes the steps of raw materials acquisition, processing, assembly, and distribution.’ (“What Is a Manufacturing System?”). 
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Fig. 3 – simplified illustration of food production process. 
Food production is often complex. International supply chains and multiple raw materials from various sources. Raw materials are bought together at manufacturing sites and often undergo many (simple and complex) processes. Once produced they are packed into packaging to support food safety, quality, and consumer ease of use. These are then shipped to retailers who merchandise before selling to the end consumer.  
Within food production a manufacturing system typically has three main components: 
1. Inputs – raw materials i.e. food ingredients, packaging  
2. Processes – to transform the raw materials into desired finished products this may include a variety of processes such as chopping, heating, cooling, packing
3. Outputs – the finished product. This is typically packed to ensure safety, quality and convenience to the end consumer. 
The diagram below illustrates a simple process flow within the manufacturing environment.
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 (“Process Flow Diagrams | MyHACCP”)
Strategic level impact of industry 4.0 on the food industry: 
Whilst elements of food production have embraced the various industrial revolutions progress has been relatively slow, often the introduction of technology is low priority as tasks could be completed with a manual process enabling flexibility with short production runs and different complex products.  
Within the UK the industry is also faced with governance, legal and customer requirements. Examples of this are the fundamental need to produce safe, legal food as well demonstrating due diligence and traceability of raw materials and processes throughout the entire process – there are many potential applications of industry 4.0 throughout.  ‘Based on case studies across our customer base, the expected outcomes of Industry 4.0 are reductions in downtime (35%-40%), improvements in production (15%-20%), improvements in quality (35%-40%), improvements in overall productivity (65%-70%) and improvements in asset utilization (35%-40%)’ (Damani) The Fundamentals And Impact Of Industry 4.0 (forbes.com) 
Within food manufacturing according to Romanello and Veglio who have reviewed Industry 4.0 in food processing in a pouch filling plan   ‘Compared to the more traditional production line, the Industry 4.0 plant for pouch filling enabled better controls of production processes and throughput time and lead time reduction.’ They also saw a decrease in the average operating costs, reduction in required work force, improved hygiene quality and food safety (Romanello and Veglio).

Let’s consider some of the key elements within food manufacturing and opportunities for advanced manufacturing applications:

	Industry 4.0 Technologies: 
	Application:
	Objective:

	Big Data and Analytics. The Industrial Internet of Things. The Cloud 


	Traceability 
Preventative maintenance 
New product development
	Improve production planning
Improve communication flows
Strategic analysis
Improve quality
Target consumer needs
Accelerate development
Real time information 

	Autonomous Robots

	Production processing – batching, cooking, picking, packing, end of line placement, palletisation
	Reduced reliance on labour
Improve consistency
Improve process control
Reduce costs
Improve quality
Improve food safety

	Simulation

	Factory design 
Production planning
Consumer behaviour mapping 
New product development
	Reduced errors in manufacturing
Reduce issues with finished products

	Horizontal and vertical systems integration 

	Linking production line equipment
Production planning and process control
	Integrated processing
Proactive not reactive 
Real time information 

	Additive Manufacture
	3D printing of equipment and food stuffs
Prototyping
	Personalisation 
Improve consistency 
Improve quality 
Reduced reliance on labour

	Augmented Reality (AR)

	Production simulation

	

	Cyber security
	Multi-function where data and digitalisation are applied
	Prevention of ransom costs - Commercial 
Brand reputation impact



Fig 4. Table to illustrate industry 4.0 technologies and applications
Strategically if we look further into the future there are many emerging industries 4.0 technologies changing the face of traditional food manufacturing.  

Specific opportunities and case studies within the food industry: The Future of Food Manufacturing utilising industry 4.0 technologies

Additive Manufacturing – ‘3D food printing, also known as food layered manufacture (FLM), is an exciting new method of digital food production that applies the process of additive manufacturing to food fabrication. In the 3D food printing process, a food product is first scanned or designed with computer-aided design software and produced by splitting the designed object into thin layers. The layer template directs a digitally controlled XYZ-robotics system to construct the item in consecutive layers from the bottom up. The layers are fused together by phase transitions or chemical reactions, either during construction or in a separate post-construction step.’ (McHugh). In theory eliminating quality inconsistency due to human error. 
According to the Leatherhead Food Research ‘Personalisation is growing up’ (“Leatherhead Food Research”). Nourished - Super Nutrient Gummy Stacks I Nourished | Nourished (get-nourished.com) are utilising 3D printing to create ‘gummies’ which are personalised to the consumers specific needs. The business has accessed the consumer needs to establish targeted products based on current trends and concerns (For example ‘The Plant-based power stack’ for immunity, digestion, energy and mood, ‘The Shape up stack’ for digestion and appetite suppression) (“Super Nutrient Gummy Stacks I Nourished”). With the aid of automation and robotics the production process is consistent and requires minimal labour input. 
Barry Callebaut Group – one of the largest international chocolate manufacturers - ‘With annual sales of about CHF 7.3 billion (EUR 6.5 billion / USD 7.4 billion) in fiscal year 2018/19, the Zurich-based Barry Callebaut Group is the world’s leading manufacturer of high-quality chocolate and cocoa products – from sourcing and processing cocoa beans to producing the finest chocolates, including chocolate fillings, decorations and compounds. The Group runs more than 60 production facilities worldwide and employs a diverse and dedicated global workforce of more than 12,000 people’ (“Barry Callebaut Opens World’s First 3D Printing Studio to Craft Unseen Chocolate Experiences”). Opening opportunities for manufacturers, brands and the restaurant industry to access bespoke, brand led designs. Considering the commercial and practical challenges with additive manufacturing chocolate purchased as a low volume, high value product could exploit the innovation. At this stage could be challenging to scale at a commercial level. 
Within the “celebrity” and quick service restaurant arena Marco Pierre White has collaborated with the Israeli firm Redefine Meat where they are selling ‘3D-printed vegan fake steaks in his UK restaurants for £20 to £30’ (Weston) Utilising AI to develop a plant based product matching traditional meat - blending soy, pea protein, coconut fat, chickpeas and beetroot to create the desired effect.    
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Fig. 5 – Image of 3D printed “fake” meat. 
Whilst these products utilise industry 4.0 technologies they must be reviewed with caution – do they genuinely provide a point of difference and benefit to the consumer or are they using it as a marketing tool.  
Precision fermentation - Additive manufacturing could be a great opportunity allowing the consumer full control of flavour, texture, shape and nutrition. Steakholder foods are ‘Using advanced biology and proprietary 3D bioprinting technology, we are developing real meat, from ethically harvested cells, that is delicious, nutritious, safe, and consistent.’ (“This Is How We Print Our Steaks”). The business utilises the lab-based process where cells (animal cells) are grown using precision fermentation. Cells are first isolated from living tissue, then fed and proliferated under controlled conditions.
Cell selection e.g. fat, muscle
Process e.g. blend
Finished product
Proliferation of cells with feedstock
Animal cells
Muscle / fat replicate

Fig. 6 – Diagram to illustrate the precision fermentation / cultured cell process.
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Description automatically generated]Optimum stem cells are selected to ensure quality and highest yield, these are then proliferated in a bioreactor. Once the required numbers are a massed these are differentiated out into muscle and fat cells. Finally, these can be combined with other ingredients and scaffolds to provide structure. Steakholder Foods an Israeli food biotech start-up are then utilising additive manufacturing to create there finished product. A bio ink is formulated using unique scaffolding materials before 3D bio printing occurs. This stage offers the consumer complete control and personalisation of the finished product – the type of steak can be selected with a defined level of fat vs muscle can then be selected. Biotech start-ups are exploring multiple avenues beyond steak as previously discussed including – seafood, dairy, poultry & eggs and fats.







Fig. 7 Illustration of additive printing post precision fermentation process (“This Is How We Print Our Steaks”). 

Key Opportunities and Challenges for the Food Industry: 
Digitalisation and modelling - The Good Food Institute identify that within bioprocessing ‘Another major emerging theme in bioprocess design in 2021 was a move to virtual platforms such as “digital twin” models’. Digitalising the bioprocess enables technology businesses to model precise and optimised process and controls before implementation with potential to dramatically decrease process development time. Couple this with a hybrid model approach integrating metabolic information from the organism and the bio fermentation process could identify perfect conditions to achieve the best possible finished product as well as optimised manufacturing.    (“Fermentation | State of the Industry Report | GFI”). ‘Data-driven solutions can also solve many operational challenges with farming. Examples are yield improvement, deciding optimal harvesting time, efficient feeding / fertilizing, improved health and welfare, and enhanced environmental stewardship.’ (Hassoun et al.) Leveraging expertise from traditional fermentation industries could provide the infrastructure to commercialise at a faster pace. Industry 4.0 technology is and will continue to develop this biotechnology at pace.  
Traceability - According to Article 18 of Regulation (EC) No. 178/2002 ‘The traceability of food, feed, food-producing animals, and any other substance intended to be, or expected to be, incorporated into a food or feed shall be established at all stages of production, processing and distribution’ (“Regulation (EC) No 178/2002 of the European Parliament and of the Council of 28 January 2002 Laying down the General Principles and Requirements of Food Law, Establishing the European Food Safety Authority and Laying down Procedures in Matters of Food Safety”). Historically within the industry this has been manually documented on paper documents which are then retained for a defined period. The information recorded has legal and process due diligence often reviewed during customer audits and if legally required. Depending on the production stage this could include – batch, critical control point, quality, start up and process information. This would also enable the manufacturer access to real time data to react in real time rather than upon review of paperwork postproduction. Removing manual systems and utilising industry 4.0 removes human error. Couple the automated traceability with integrated smart sensors on batching vessels and production equipment can illustrate ingredient movement in real time. Also, utilising the technologies discussed ensures complete traceability and potentially consumer assurance – for example biotech fat producers can create a matching fatty acid structure to palm oil (derived from yeast) without any deforestation. 

Product Safety - There are also clear opportunities associated with complete control of the input raw materials and therefore product output. For example, creating fats from specific yeast cells removes allergen contamination risk mentioned earlier as the processing (i.e. crushing to remove fats) has been removed. Protein production via precision fermentation also removes antibiotics and hormones from the supply chain. Within additive manufacturing much of the human input is also removed – this could intern reduce risk of accidental (or malicious) contaminations as the system is broadly closed loop.  

Artificial Intelligence (AI) – Couple these manufacturing technologies with AI; the ability for a digitalised system or robot to perform tasks commonly associated with intelligent beings (Copeland). By utilising emerging AI new product development platforms. The development process could occur at a faster pace than traditional new product development processes. Turing Labs claim to enable ‘companies to create products faster, safer and with markedly higher consumer satisfaction’. This does of course come at a cost but with possible mitigations of being ‘right first time’. 
Automation and Robotics - Combining the process with autonomous robotics; ‘a robot that is designed and engineered to deal with its environment on its own, and work for extended periods of time without human intervention.’ (“What Is an Autonomous Robot? - Definition from Techopedia”) could also have a significant impact on the system. Developed to perform simple and complex human tasks there are potential benefits in production efficiency, reduced reliance on labour, product safety and operator safety. Couple this with other industry 4.0 technologies such as the Internet of Things (IoT), vertical and horizontal integration, sensors and visions systems for preventative maintenance, production planning and quality inspection could all contribute to significant cost reductions. Smart sensors for process control, used on-line during food processing, or at the end of the process to ensure food quality and protect the consumers from food damage/spoilage could also play apart. However there are other considerations such as human safety operating along side robots, factory space constraints, hygiene, maintenance, dehumanisation of current workforce, future programming – accounting for recipe changes, factory layout etc. and commercial return on investment (ROI). 
Consumer perception and uptake – insight must be established to understand customer need and to ensure there is a truly authentic application. Specifically on precision fermentation the risk of consumer backlash to ‘Frankenstein’ foods produced in a laboratory environment must be considered. In a recent study Szejda and Bryant identify a ‘high level of openness (80%) in both the US and UK populations, with 40% somewhat or moderately likely to try and 40% highly likely to try. Younger generations had the greatest openness: 88% of Gen Z, 85% of Millennials, 77% of Gen X, and 72% of Baby Boomers were at least somewhat open to trying cultivated meat.’ (Szejda and Bryant) – arguably this is an opportunity to as the market is emerging, we cannot take for granted the impact of celebrities and the rise of social media helping lead in the technology. Leoando Di Caprio has backed both Aleph Farms and Mosa Meat (Webber). As additive manufacturing is in its infancy within the food industry 3D printing is currently only appropriate for high value, low volume goods. There is also the practicality of reaching the end consumer. 3D printed chocolate enables Barry Callebaut beautifully designed, personalised product (see fig. 8) current supply chains are not suited to delicate products and new innovative transportation would need to be established. There could however be opportunities for smaller in retail personalisation or even within the restaurant industry – this will of course come at a cost. 
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Fig. 8 Example of 3D printed chocolate (“Barry Callebaut Opens World’s First 3D Printing Studio to Craft Unseen Chocolate Experiences”)
Sustainability - The sustainability credentials of industry 4.0 technology could also be considered as a benefit by improving efficiencies, better yields and outputs.  However, these must be validated through robust analysis. AI platforms such as Ubuntoo who ‘connects you with the relevant solutions that can solve your environmental challenge.’ (“Ubuntoo | the Environmental Solutions Platform”) could be utilised to further support manufacturing and finished product developments. 
Genetic Modification – Roundup Ready Maize (created to enlarge the market for a proprietary herbicide) has caused major consumer concerns, however the use of genetically modified microbes to produce insulin, chymosin and vitamins using precision fermentation without issues since the 1970s (Monbiot). Interestingly according to the National Bioengineered Food Disclosure Standard (FDA). ‘would not require these foods to be labeled as GMO because they do not contain the genetically engineered organisms, they are just produced by them. Such products would therefore not qualify for Non GMO Project Verification.’  (Schweizer). Within the European Union and UK these products maybe defined as novel foods, and it is therefore unclear how they will be labelled. 
Novel Foods – ‘Novel foods are foods which have not been widely consumed by people in the UK or European Union (EU) before May 1997. This means that the foods don’t have a ‘history of consumption’. Examples of novel foods include:
· new foods, for example, phytosterols and phytostanols used in cholesterol reducing spreads
· traditional foods eaten elsewhere in the world, for example, chia seeds, baobab
· foods produced from new processes, for example, bread treated with ultraviolet light to increase the level of vitamin D present’
(“Novel Foods Authorisation Guidance”)
Novel food applications are slow – exacerbated by the United Kingdom exiting the European Union, whilst the legislation is broadly in line with the UK separated from the European Union the process will require applications in both jurisdictions. 
Cyber security – ‘In 2020, the average cost of a data breach was USD 3.86 million globally, and USD 8.64 million in the United States.’ (IBM, “What Is Cybersecurity?”). Previously not a priority but with increased digitalisation and use of data throughout the industry controls must be in place to prevent attack. On the 28th January KP snacks fell victim to a cybersecurity attack crippling there IT and communications systems preventing orders from being processed. US meat producers JBS paid £7.8m ransom in order to restart there systems (Sweney). There are standards being developed to reduce risk such as the International Electrotechnical Commission (IEC) 62443 (“Understanding IEC 62443”) to help combat this challenge – it is also vital to increase awareness within the industry. 
Commercial – Initial cost outlay must be considered. Current equipment and systems are relatively expensive. With strong strategic leadership and long term overview the return on investment could be achieved. Venture capitalist businesses are backing innovations in the food industry. The precision fermentation industry is broad and developing quickly with venture capitalists and celebrity investments. In 2021 $1.69 billion was invested up 285% from 2020 (“Fermentation | State of the Industry Report | GFI”). As the technology emerges being at the forefront of the technology within the retail and global fast moving consumer goods business could provide a commercial advantage. There will continue to be a need to balance the costs of traditional manufacturing methods. In order to gain consumer support retail prices will need to be at a parity unless a clear advantage to the end consumer can be identified. 

Conclusions:

The food industry has evolved and continues to through the four industrial revolutions. Starting with mechanisation for production, use of electricity, integration of information technology and computing before the digital and other advanced manufacturing systems such as autonomous robots, smart sensors, digital twins and additive manufacturing. At a strategic level additive manufacturing could act as a key development in food manufacturing. Combing other opportunities of Industry 4.0 technology could have a significant impact. However, this technology is at its infancy within the industry and uptake is slow compared to other areas. It is not with out its challenges be it commercial investment, impact on people or cyber security attacks. It is also vital to consider the end consumer and the genuine benefit of implementation, products should have a significant point of difference to enable purchase at a higher retail than conventional production methods and / or the industry should achieve price parity ahead of taking to market. Continued collaborative research between researchers, regulators, retailers and FMCGs is essential. 
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