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[bookmark: _Toc160726202]Abstract.
To remain competitive and viable Small and Medium sized Enterprises (SMEs) are facing the challenge of incorporating Industry 4.0 (I4.0) smart technologies into their production facilities. However, due to cost, complexity, and the need to up-skill workforces to support this, SME adoption of I4.0 smart manufacturing is proving to be a difficult challenge (Masood & Sonntag, 2020). This dissertation will look to highlight the advantages and challenges of SMEs adopting processes with smart capabilities, and effect on human elements involved when transitioning to I4.0 Cyber Physical Systems (CPS) from previous traditional manufacturing systems. Failure to correctly integrate the human factors has negatively affected previous industrial revolutions (Neumann, et al., 2021).
The new dynamic working environment that inevitably comes with adopting I4.0 technologies will affect people working at all levels within SMEs (Longo, et al., 2017)  People will have to develop new skill sets to interact with new comparatively complex technologies and overcome any anxieties that will inevitably arise when learning these new skills. The human upskilling element in I4.0 will be key in successful adoption of I4.0 allowing smart operators to over-see smart manufacturing operations, indeed one of the major constraints in adopting I4.0 is the lack of skills required to implement, service and control the smart systems involved (Liboni, et al., 2019).
There are many journals that address the technological adoption of I4.0 systems, but fewer factor in the effect on the human element (Saniuk, et al., 2023). Human involvement and interaction are an essential pillar to I4.0 as many of the issues identified by the autonomous Machine Learning (ML) systems still need to be rectified by physical human intervention, especially in the maintenance of CPS. New skills will be required by workers using I4.0 systems and will need continuous training to keep up with technological advances. (Badri, et al., 2018).
Currently, the author’s employer is investing in automated equipment to replace highly intensive manual operations due to the seasonal nature of the product production, difficulty in retaining staff and operation repetitive nature. Previous introduction of new processes has not been well received by the process operators and maintenance personnel, often citing lack of structured training and initial involvement as the main reasons for poor initial performance.
Using qualitative interviews and questionnaires and videos of I4.0 philosophy and processes, the author will assemble perceptions and concerns of the employer’s employees to improve new process introduction, so adoption will be as successful, seamless and anxiety free as possible.
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	Abbreviation
	Definition

	AC
	Alternating Current

	AI
	Artificial Intelligence

	AMR
	Autonomous Mobile Robot

	BD
	Big Data

	BSc
	Bachelor of Science

	CAD
	Computer Aided Design

	CEO
	Chief Executive Officer

	CM
	Condition Monitoring

	CMMS
	Computerised Maintenance Management System

	CPS
	Cyber Physical System

	DC
	Direct Current

	FMEA
	Failure Mode Effect Analysis

	GSM
	Grams per Square Meter

	HMI
	Human Machine Interface

	IEC
	International Electrotechnical Commission

	IIoT
	Industrial Internet of Things

	ISA
	International Standard of Automation

	MEWP
	Mobile Elevating Work Platform

	MIG
	Metal Inert Gas

	ML
	Machine Learning

	MNE
	Multi- National Enterprises

	NVQ
	National Vocational Qualification

	OEM
	Original Equipment Manufacturer

	PD
	Preventative Maintenance

	PdM
	Predictive Maintenance

	PLC
	Programmable Login Controller

	PP
	Polypropylene

	RSI
	Repetitive Strain Injury

	SCADA
	Supervisory Control And Data Acquisition

	SME
	Small to Medium Enterprise

	SOP
	Standard Operating Procedure

	STEM
	Science, Technology, Engineering and Mathematics

	TPM
	Total Productive Maintenance

	UK
	United Kingdom

	WIP
	Work In Progress



[bookmark: _Toc160726204]1.0 Introduction.
[bookmark: _Toc160726205]1.1 Industrial revolutions.
Industrial revolution is defined by new innovative technologies causing a step change in industrial processes.
[bookmark: _Toc115369819]First Industrial Revolution (Industry 1.0).
Started in the late 18th century with the introduction of water and steam driven processes that largely replaced manual and livestock powered production. Very high levels of manual labour required, with change from agriculture to industrial society. “Simple market demand – high volume” (Yin, et al., 2018), (Kumar, et al., 2020) and (Gerekli, et al., 2021).
[bookmark: _Toc115369820]Second Industrial Revolution (Industry 2.0).
[bookmark: _Hlk115206753]Started in the late 19th century with the discovery of electricity to power motors, lights etc... and the introduction of mass production using assembly lines in the early 20th century. High levels of manual labour still required. “Market demands – volume and variety” (Yin, et al., 2018), (Kumar, et al., 2020) and (Gerekli, et al., 2021).
[bookmark: _Toc115369821]Third Industrial Revolution (Industry 3.0).
Started in 1969 with the introduction of electronics and computing (digital technology) allowing industrial automation and control. Automated processes reducing manual labour content. “Market demands – volume, variety and delivery time” (Yin, et al., 2018), (Kumar, et al., 2020) and (Gerekli, et al., 2021).
[bookmark: _Toc115369822]Fourth industrial Revolution (Industry 4.0 or I4.0).
I4.0 as a concept was first introduced at the Hanover fair in 2011. (Ascúa, 2021). Early adoption of I4.0 was mainly undertaken by large global companies due to the improvements in process efficiency, higher quality of finished goods and increased flexibility to meet the changing demands of customers in the global marketplace.
Cyber Physical System (CPS) integration into all areas of industrial processes allowing elements of the processes to make decisions (Artificial intelligence) on how they operate using large amounts of data collected and analysed in real time. Potential for minimal manual labour content in making finished products. 








[bookmark: _Toc160726206]1.2 Advantages of I4.0 manufacturing systems.

Some of the advantages of transitioning to I4.0 technologies are:
Highly agile, efficient processes - the ability to make multiple product lines simultaneously dependant on specific customer requirements (Akyazi, et al., 2020).
Supply chain transparency – real-time data driven inventory counts and status allowing best use of resources to satisfy customer orders (Matthess, et al., 2022).
Reduction of waste - through better inventory control, reducing under and over production (Matthess, et al., 2022).
Quality improvement - using collaborative CPS to detect process changes and correct before they cause defects or scrap (Vinodh, et al., 2021).
Real-time feedback – BD gathered can predict performance deterioration by comparing actual performance against expected performance generated using model algorithms. Process equipment issues can be identified before they cause process breakdowns using the CPS created using digital feedback of sensors embedded into the fabric of the processes (Peres, et al., 2018).
Competitive advantages - Viana, et al, reference the competitive advantage of companies adopting I4.0, and uncovering unseen relationships between different company sectors improving “process analysis and complex decision making.” (Viana, et al., 2020).
Environmental improvements – reduction of waste including energy wasting when equipment not used to produce products can be automatically powered-off or put into stand-by mode (Ghobakhloo, 2020).
I4.0 gives practitioners access to vast amounts of data (Big Data) collected from the supply chain through to final points of manufacture and sales. This data is gathered by interconnected sensors integrated into the infrastructure of manufacturing systems, effectively digitising the entire manufacture process, creating a Cyber Physical System (CPS). The Industrial Internet of Things (IIoT) collects this data, and can direct it to Cloud based storage, where it is easily accessed from remote locations, giving real-time updates on manufacturing performance. Artificial Intelligence (AI), or Neural Networks can analyse this Big Data (BD) and look at patterns, correlations, and trends and then advise or even adjust processes without human intervention. ML continuously fine tunes the control algorithms to achieve improved performance and highlight undesired changes quicker to ensure continuous improvement and customer delight.
1

Other technologies which form pillars of I4.0 are Additive Manufacturing (3D Printing), Autonomous Robots, Simulation (Digital Twin), Augmented and Virtual Reality, Cyber Security and Cloud Computing  (Saniuk, et al., 2023).
Carl Jones                                                                                                  Dissertation


[bookmark: _Toc160726207]1.3 Perceived negatives of adopting I4.0 technologies.

Current employees of businesses thinking of introducing of I4.0 will naturally worry about losing their jobs as some of their job functions would be undertaken by Autonomous Mobile Robots (AMRs), self-government of cycle parameters by the production processes, booking of materials and finished goods into and out of production stages, scheduling of production and raw materials initiated by customer ordering the finished goods then I4.0 systems completing the process routing automatically.
In the past 30 years employment rates in manufacturing in the UK have “fallen significantly”, from 15.7% in 1990, to 7.6% in 2018. Manufacturing percentage contribution to the UK economy has fallen from 17.3% in 1990 to 9.9% in 2018. Actual manufacturing output as risen 7% when you compare 1990 to 2018, comparatively, the service sector output has risen 106% in the same period (Rhodes, 2020). With the continuing global competition companies’ adoption of automation will increase as they look to take advantage of the benefits of leaner more flexible I4.0 practices. 
[bookmark: _Hlk122328394]Liboni, et al., state that adoption of I4.0 could generate redundancies at 30% for the UK supply chain workers, so the human impact could initially be significant. For example, “in China over 60,000 workers were rendered jobless in 2016 when Foxconn decided to replace them with robots” (Liboni, et al., 2019), so the loss of certain types of job loss threat is very real. Lower skilled jobs will then be most at risk by the increased automation of repetitive processes. However, as some lower skilled manual job type demand will reduce, other new types will emerge, with potentially greater reward. Job skills will have to continually develop and change as new technologies emerge and these skills will become essential to future innovative companies and will have to focus on continuously up-skilling their workforces to stay current on new developments in I4.0 and beyond.











[bookmark: _Toc160726208]1.4 I4.0 Adoption Roadblocks.
[bookmark: _Toc122333739]
Network Infrastructure.
The I4.0 infrastructure is complex, linking potentially hundreds of sensors to physical and wireless networks to capture the extremely large data sets these sensors will output. The frequency of sensor output will dictate the amount of storage required. Continuous discrete data might prove to be too much data to store, with no real advantage. Sampling of this data might be sufficient dependant on application. Final storage of this data will be cloud based to allow remote access. This large data output is collectively called Big Data (BD) (Raj, et al., 2020).
[bookmark: _Toc122333740]Security
The networks need to be secure and prevent potential security breaches by cyber-attacks from outside the company networks. Significant new methods of avoiding detection have been developed by cyber-criminals and these threats need to be continuously monitored, ensuring correct compliance with ISA 99.02.01/IEC 62443: Security for Industrial Automation and Control Systems. (Dymora & Mazurek, 2021). 
[bookmark: _Toc122333741]New Equipment and Software
I4.0 sensor development has allowed integration into every aspect of physical process equipment. Package size, connectivity and price reductions have made sensor integration more accessible to all levels of businesses. Critical performance data needs to be carefully chosen so each sensor used to digitise the process gives meaningful data and captures the changes in performance. Remote Condition Monitoring (CM) of these sensors is a key pillar in Predictive Maintenance (PdM), giving insight into how the various physical devices of a process are performing. Sensors including thermal (change in temperature of motors / gearboxes), pressure (hydraulic, air, barometric etc..), strain gauges (change in loading of pressing operations, force exerted on tooling and fixturing), electrical load (change in power required to perform work, automatic process refinement to reduce electrical consumption), accelerometers (change in acceleration / deceleration moments during pre-set movements), rotational feedback sensors (speed fluctuation) and liquid levels (high / low) give real-time process feedback, decreasing reaction times to problems and reducing unplanned downtime. These sensors allow critical elements of the process to become Cyber Physical Systems (CPS) and be constantly monitored using Machine Learning (ML) algorithms to indicate process change before causing unplanned downtime. (Easwaran, et al., 2022).
[bookmark: _Toc122333742]Workforce training.
The complex systems used in I4.0 and PdM require skills in the fields of manufacturing technology, and data science-related disciplines. Advancement in understanding digital culture within organisations and require substantial and continuing financial investment. Maintenance engineers need to be able to interrogate the various systems to support the correct configuration of the hardware, networks, and software. Failure Mode Effect Analysis (FMEA) for these systems will need to be compiled to aid the engineers, along with potential autonomous system teaching to aid in correcting hardware / software configuration errors. Inherently, people can be resistant to change, so the benefits of this training and new technology need to be carefully explained so fears and anxiety are reduced. (Giada & Rossella, 2021).
Resistance to change.
To correctly leverage the full improvements of introducing I4.0 advanced manufacturing the production team need to embrace change and innovation and overcome the natural resistance to change tendency (Raj, et al., 2020).
[bookmark: _Toc122333745]Financial implications
Compared with large companies SMEs lack the human resources and skills along with the financial capital to implement I4.0 intensively. Additional and on-going cost of training staff in understanding I4.0, the type of installation, how to fault find any problems that might arise on these complex systems will be significant and will test ingrained practices of incumbent engineers. Inevitably, some engineers will decide to move into new fields of work when confronted with this change, while others will embrace these new challenges and thrive (Azevedo & Almeida, 2021).
Costs of installing or changing existing network infrastructure to satisfy the required network connections must also be factored in. Potential bandwidth increase needed to collect BD is also a potential cost factor.
Costs of buying and installation of smart sensors, IIoT equipment, additional PLCs to collect and condition existing installations sensor output so it can be successfully linked to IIoT. Additional costs in keeping sufficient spare smart sensors and hardware so breakdowns are fixed efficiently.
Ongoing cost of AI software subscriptions to analyse the collected BD and required tailoring to suit the needs of the SME.
There are certainly lots of financial risks for SMEs compared to MNEs where large capital expenditures are easier to justify. Support from UK government in the form of “Innovate UK“ which is part of the UK Research and Innovation public body (Masood & Sonntag, 2020) will help support adoption of I4.0 of SMEs but increased regional support would also strengthen the drive of adoption. All these financial implications must then be factored into profit / loss calculations when investing capital into adoption of I4.0 and PdM (Neumann, et al., 2021).






[bookmark: _Toc160726209]1.5 SMEs.
In Europe 90% of registered companies are SMEs (Masood & Sonntag, 2020). European SME definition is a workforce less than 250, a financial turn-over of less than €50,000,000 or a balance sheet of less than €43,000,000. (Masood & Sonntag, 2020).
[bookmark: _Hlk121754838]SMEs are in a difficult situation compared to Multi-National Enterprises (MNEs) when adopting I4.0 due to the investment in network infrastructure, acquisition of new equipment and analytical software and the upskilling of the workforce using these advanced manufacturing systems. (Jaroslav, et al., 2019).
Adoption drivers of I4.0 CPS:
A. New market opportunities - new market opportunities arise that did not exist or were not previously considered. For example, a business may decide to expand into a new geographic market or introduce a new product or service (Sahu, et al., 2022).
B. Changes in the competitive landscape - If there are changes in the competitive landscape, a business may need to adjust its strategy to remain competitive. For example, if a new competitor enters the market or an existing competitor introduces a new product or service, or fundamentally increases its productivity, a business may need to adjust its pricing, method of manufacturing or marketing strategy. (Demirkan, et al., 2022).
C. Changes in regulatory environment - If there are new environmental regulations that impact the business, it may need to adjust its operations or invest in new technology to comply with the regulations (Raj, et al., 2020).
D. Changes within the organization, such as changes in leadership or the introduction of new team members, for example, a new CEO (Chief Executive Officer) may have a different vision for the for the organization (van Dun & Kumar, 2023).
E. Maintaining competitiveness – striving for continuous improvement business competitors will naturally push sector adoption of new improved production methodologies (Azevedo & Almeida, 2021).
F. Changes in technology - Changes in technology and it’s continually reducing cost of implementation can have significant impact on a business and may require adjustments to the business plan. For example, a business may need to invest in new technology to remain competitive or to take advantage of new opportunities (Meindl, et al., 2021).






[bookmark: _Toc160726210]1.6 Aims
Highlight issues when introducing new processes and investigate training methods that reduce these introduction problems.
Carry out a work-based qualitative study and compare findings to existing literature.
Use findings to generate a new training strategy and gain insight into introducing PdM at my employer’s business.
[bookmark: _Toc160726211]1.7 Objectives
Using a literature review to obtain best training methods and highlight potential problems and check correlation to the work-based study.
[bookmark: _Toc160726212] 1.8 Justification
The need for SMEs to adopt I4.0 processes to remain competitive is a becoming increasingly important, and any adoption improvements that can be made will have major implications on how successful these SMEs are in the future.




















[bookmark: _Toc160726213]2.0 Literature review of SME training and maintenance practices.

With the adoption of I4.0 and advanced manufacturing processes people’s jobs and skill requirements will change. I4.0 installation, operation and maintenance will require new skills, so the changes are implemented safely and as seamlessly as possible (Sima, et al., 2020).
Jamwal, et al acknowledge the many benefits of adopting I4.0 AI systems but go on to report that adoption rates are still low due to lack of employee’ knowledge and digital skills of key I4.0 components. This lack of knowledge will prove to be a major roadblock for SMEs adopting I4.0 and full PdM as training of some individuals will prove difficult due to resistance to change and the real anxiety people feel when knowing future progression will depend on learning these difficult technological skills (Jamwal, et al., 2022). 
Antonioli & Torre state that “broadly”, SME training investment is significantly lower than those of MNE’s (Antonioli & Torre, 2016), due to financial constraints caused by training costs and absence of the personnel being trained. They continue to argue that SME’s naturally have less avenues for employee progression. They then add that some SMEs consider better trained employees are more attractive to other perspective employers and are reluctant to train employees in case they move to new employment. Personally, the author disagrees with that conclusion, and they contradict other scholars’ findings such as Bochra (Bochra, et al., 2023) Demirkan, et al., (Demirkan, et al., 2022) and Long, et al., (Long, et al., 2013) and the author’s own personal experience in various workplaces, as SMEs will restrict their growth, long-term sustainability and allow their employees to stagnate without the prospect of training and advancement. Bochra, et al. continue indicating that employees who are regularly involved in meaningful training activities are more likely to remain with the business (Bochra, et al., 2023). Employee development ensures that they feel valued and engaged in their work, remain flexible and willing to take on new challenges. They also conclude that a balanced off-job formal training and on-job informal training mix results in best performance results for the SME employer, which is supported by Tam & Gray (Tam & Gray, 2016). 
Saunders, et al., find that SMEs who identify as being innovative were significantly more committed to learning (Saunders, et al., 2014). Antonioli and Torre state that there is a very complex relationship between innovation success and training activities (Antonioli & Torre, 2016), which aligns to the authors own experience that training alone does not result in better innovation, involvement, support, and trust from everyone in a business is essential to better innovation. Altinay et al., find that organizational learning is a key part of SME growth and how entrepreneurial the business is (Altinay, et al., 2016).
Nazir, et al., emphasise how essential the need to train is, so productivity is maximised (Nazir, et al., 2015). Storey found that manager training influence on business performance is inconclusive (Storey, 2004), so finding the correct tailored training solution is essential. 
There is a lot of conflicting scholarly work regarding the importance of formal training when compared to informal training. Formal training can be regarded as structured academic classroom based (for the most part), while informal training is more unstructured, on-the-job, peer mentored training. Ellinger & Cseh state that 60 to 80% of workplace learning is informal, opportunistically based (Ellinger & Cseh, 2007).Malcolm, et al., find that almost all learning contains a mix of formal and informal learning, with the mix dependant on the situation (Malcolm, et al., 2003). Sony & Subhash state that employees should have tailored training programmes to ensure success in use of their new skills in advanced manufacturing CPS. Technology growth will require continuous knowledge and skill acquirement to ensure SMEs remain competitive (Sony & Subhash, 2020). Jayawarna, et al., provide a possible reason why informal training may not be as good as formal due to the people used to teach are not suited to training others, and have poor communication and coaching skills (Jayawarna, et al., 2007).
According to Avis’s findings, as advanced systems become more complex, operators running these processes will require high skill levels so responses to system errors are fixed quickly. He also states that these increasingly evolving CPS technologies inevitably require “education and training” to keep SMEs evolving and improving. Learning engagement with Science, Technology, Engineering and Mathematics (STEM) is “essential” (Avis, 2018). Leveraging I4.0 e-learning capabilities will allow SMEs to successfully provide continuous learning to its’ workforce (Azevedo & Almeida, 2021).
Neacsu, et al., discuss the concept of “learning factories” where a replica of the work environment is established so formal and informal training can occur with near identical training and work environments, so safety and quality can be maintained with reduced risk (Neacsu, et al., 2021). Problems can be introduced to the learning factory with structured stages of identification, use of real data to define variables, data driven solutions and final verification of the solution. Learning factory can be realised using digital twin I4.0 technology, and interaction achieved using virtual reality. On physical equipment augmented reality can be used to interact with objects giving real time data feedback and previously compiled historic learning can be accessed at specific locations (Hulla, et al., 2019).
Pauli highlights the importance of “Human Capital” effect on SME sustaining competitive advantages in the changing business landscape. Attitude of the SME owners relative to the importance of training is deemed vital to SME success (Pauli, 2020). Morley, et al., also reference the importance of “human intellectual capital” to businesses (Morley, et al., 2016), supported by Tam & Gray (Tam & Gray, 2016), Demirkan, et al., (Demirkan, et al., 2022) and Flores, et al., (Flores, et al., 2020).
The importance of human psychological well-being, not just about how physically healthy employees are, is a repeated term in several scholarly works contributing to best training methodology (Flores, et al., 2020), so, including psychological and social well-being aspects would help ensure best training practices, and ensure that workforces are resilient, resourceful and adaptable (Avis, 2018) and (Bochra, et al., 2023). Reiman, et al., discuss the importance of Human Factors and Ergonomics when dealing with complex digital systems and requires a holistic approach when new structures are put in place (Reiman, et al., 2021). Sancho, et al., find that when SMEs have socially responsible human resource management then they maintain better competitive performance (Sancho, et al., 2018), and leads to long term organisational success. Tubex have to their credit already identified the importance of employee psychological well-being by training Mental Health First Aiders so anyone wishing to talk about mental health have an avenue in work to seek help.
Van Dun and Kumar emphasise the importance of business managers and the vital role they play when starting and supporting the paradigm shift to advanced manufacturing systems and I4.0 (van Dun & Kumar, 2023). Correct support, guidance and mentorship is fundamental in successful job transition (Hernandez-de-Menendez, et al., 2020). In the book “Future of Work, Work-Family Satisfaction, and Employee Well-Being in the Fourth Industrial Revolution”, chapter 4 “Developing Leadership Talent for Success in the Fourth Industrial Revolution” Kisi speculates that the difference between shopfloor and management will become less distinct, and the need for new interaction policies being encompassed using “Leadership 4.0” (Kisi, 2020). Matthews, et al., state that through the different elements of process improvement occupational learning is achieved when sufficient time and resources are supported by management (Matthews, et al., 2017).
Maintenance plays a key role in ensuring a reliable production process and the forecasting of process degradation is key to maintaining robust performance (Anh, et al., 2018), (Ran, et al., 2019), (Moleda, et al., 2023).
Changes in maintenance strategies where PdM leverages I4.0 CPS to predict future process performance using ML and AI models (Kunja, et al., 2022) will increase process dependability and reduce the need for human capture of condition monitoring data, freeing up time that could be allocated to training. The author has first-hand experience in the importance of condition monitoring and the vital role it plays in indicating change and providing baselines to measure improvements against.
Patalas-Maliszewska & Klos have written an article where they devised mathematical models to chose the correct personnel to repair machine faults so they are quickly back into full production. This would seem to a good method if there is plenty of resource available, but given the lack of resource in most SMEs the need for all maintenance personnel to be equally competant is vital so repairs are done efficiently (Patalas-Maliszewska & Klos, 2019), emphasising the importance of continuous learning.
Pech, et al., use the term “smart factory” to describe a production facility that has I4.0 embedded field level sensors to build a CPS that reports on all business aspects but is especially important to maintenance activities. (Pech, et al., 2021). In smart factories vertical and horizontal integration throughout the business ensures maximum value is added and improvement opportunities such as energy reduction are captured and leveraged and new avenues for PdM are identified (Akasa, et al., 2021).
Wellsandt, et al., states that it is vitally important that the correct sensor data is used in the ML algorithms, and that the information displayed by the CMMS HMI is simple to understand. They put forward the notion of a digital assistant who sorts the potentially complex information in a way that is easy to understand, potentially using augmented and virtual reality to supplement the HMI (Wellsandt, et al., 2022).
























[bookmark: _Toc160726214]3.0 Employer overview.
[bookmark: _Toc160726215]3.1 Tubex business.
[image: A black text on a white background

Description automatically generated]Currently, Tubex is part of the Berry Global group of companies, which has headquarters in America, but has sites in north and south America, Europe, and Asia. The Tubex brand of tree shelters initial concept was developed in the mid 1980’s and has since developed continuously, fulfilling customer demand as different applications were identified and designs changed to meet use in different horticultural sectors, species specific requirements, and environments. The Tubes protect the sapling from grazing animals, pesticides, and extreme weather by creating a micro-climate inside the Tube, reducing water, increasing tree growth and minimising loss of young saplings (Arnold & Alston, 2012). In 1993 the first production of tree shelters as we know them now was produced in Aberdare, south Wales. Further product lines and enhancements have been developed including perforations along the Tube to allow the Tube to split if the tree growth exceeded the Tube inner diameter. Holes are punched through the Tree Shelter to allow air flow around some species of tree that promote increased root growth due to bough movement (CMP Information Ltd., 2004). At end of life the Tubes can be 100% recycled back into Tube production to create a circular product life cycle. Bio-degradable materials to replace Polypropylene (PP) are currently being developed to meet the need of shelters used in hard-to-reach remote areas where collections and recycling of tubes proves to be unfeasible.
[bookmark: _Toc160545631]
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Description automatically generated]Figure 1 Standard range PP Tree Shelter
[bookmark: _Toc160545632]Figure 2 Nature biodegradable Tree Shelter
All Tubex tree shelters are extruded on near identical lines, using predominantly PP a widely used commodity thermoplastic polymer. The individual design differences are achieved using post-extrusion operations. Mobile modular processes are then positioned in-line to achieve desired product features such as laser holes, length cutting, printing of product information, flared top rims and ventilation holes.
Tubex Standard Tubes are the company’s biggest seller and is the market leading tree shelter. 
Given that all Tubex Tubes share identical twin wall design and grams per square meter (GSM) weight, the only cost differences are attributable to post-extrusion operations. Material fillers such as Calcium have been trialled, but light transmissivity is a key characteristic of tree shelters and fillers can contribute to reducing this important feature.
Laser Line, Leaser Hole(s) and Cut are produced in-line with the extrusion output and require no human intervention other than initial setup. All Tubes are cut dependant on customer requirements, Laser Lines and Holes are features dependant on product line and customer requirements.
A QR code which links to a webpage giving installation instruction is printed onto the outside diameter and includes Tubex text and logo, along with the recycle icon. No human intervention is required after initial setup. 
Flared Rims are a Tree abrasion reduction feature at the top of the tube that stops the Tube from wearing the sapling when wind causes the tree to sway. The Flared Rim is created after the cut using a heating station to soften the top of the Tube, a forming head matched to the Tube inner diameter then advances forming the thermoplastic into the correct 10mm radiused form. No human intervention is required after initial setup.
The Punch operation is very labour intensive. The flared Tube is removed by an operator and manipulated into the Punch feed station. The Punch station then automatically feeds the Tube through the station automatically punching a series of holes through both sides of the Tube. Once the hole punching has finished the completed Tube is fed out of the machine. The tube is then removed alternately by two operators who manipulate the flattened Tube back to a round condition and then nest the completed Tubes. The number of punch series depends on Tube length and the cycle time varies accordingly. Punch cycle times vary between 6 and 8 seconds.
There is a proposed pilot of an automated solution of a presently labour-intensive operation and possible cause of muscular skeletal injuries such as Repetitive Strain Injury (RSI). Currently, people insert two cable ties into tree shelters as they come off an extrusion, hole cutting, length cutting process, end flaring and then placed into boxes. The proposed solution is to have a robot to pick the shelters up, with robot end of arm tooling incorporating flaring capabilities and place into a jig while the cable ties are fed to pick up points. The automated solution then feeds the ties through alignment tools into the pre-cut holes in the tube. Once the ties are fed and clipped together, the tubes are then placed into boxes placed on AMRs, which then move to the next line once the boxes are full. The largest diameter tubes are produced on the first line, then the next smaller diameter tubes are placed or nested inside the larger tubes. This is repeated until five nested tubes are produced. Potential labour reductions of five people (five lines) could be achieved with the RSI risk eradicated. Several machine builders were approached to investigate and propose solutions, with a final integrator being chosen to take on the pilot project. This is an entirely bespoke application with unknown solutions of the supply of cable ties and final insertion into the shelters.

[bookmark: _Toc160726216]3.2 Previous Tubex process improvement projects.
[bookmark: _Toc160726217]3.21 Formers (Flared Top Rim - flaring operation).
In-line Formers we developed to replace existing twenty-year-old processes consisting of moving the tubes in a linear fashion perpendicular to the line centre axis. Linear movement achieved using a series of flyted chains that index the tubes through a heating station that raises the temperature of the tube Polypropylene material until it becomes pliable. A flaring head advances setting the flare form into the end of the tube. The tube cools thermosetting the flare in place. The linear indexing causes positioning errors that then cause problems with the flare quality, resulting in high levels of scrap.
In-line Formers do not index the tubes but keep its working axis in-line. Conveyors transport the tubes from a heating station, then another conveyor moves the tube to the forming head, and finally to an out-feed conveyor ready for ties to be fitted. The in-line formers worked well with greatly reduced scrap and setting time. However, there were some issues identified after the author initiated informal conversations with the people involved in running the new Former:
Lack of line-leader and operator training.
Training of use and change over procedures were inconsistent, with no tailored packages considering trainees’ skills and experience. Passwords to access manual operations not shared leading to reduced process ownership and perceptions of lack of trust were then highlighted.
No maintenance personnel training or involvement.
Maintenance of the process was not considered when introduced. PLC program listing and electrical schematics was supplied with the machine but on inspection found to have several mistakes. No operating manual was supplied by the Original Equipment Manufacturer (OEM) so fault finding proved to unnecessarily difficult.
[bookmark: _Toc160726218]3.22 Ventilation hole punch presses.
This “Punch” operation was carried out using a pneumatic press, with an operator manually feeding in the tube, pressing a button to active the press punch operation, them manually feed in a preset amount, then repeating until the desired amount of punch patterns were achieved. This process produced a lot of scrap, varying levels of quality, and took a long time with high amounts of labour required. Due to the cycle time this process was carried out off-line so high levels of Work In Progress (WIP) had to be stored on the shop floor, with more handing required increasing the inefficiency of the process.
New in-line process still requires a manual load, but the punch and subsequent positioning of the tube is carried out automatically, along with automatic unload. Each different variant has a dedicated program which loads the correct hole pattern and tube length into the machine. 
As with the In-Line Former introduction the same training and maintenance involvement problems were highlighted during my informal chats, pointing to systemic issues with new process introduction.
[bookmark: _2.3_Current_approach][bookmark: _3.3_Employee_training][bookmark: _Toc160726219]3.3 Employee training budget.
[bookmark: _Hlk159503683]Tubex’s current approach to training usually takes the form of informal peer based on-the-job instruction especially at operator level. Operator turnover is very high, mainly due to the repetitive nature of the job and the seasonal employment. In 2022 £5,273,000 was spent on staff wages while £17,000 was invested in training, which is 0.3% of the wage bill (Financial statement September 2022). In Northen Ireland Reid & Harris found that 62.7% of SMEs spent 0 – 2% of annual labour bill on training (Reid & Harris, 2002), so Tubex’s spend could be deemed acceptable but not ideal. Reid & Harris continue that 10% of SMEs spend more than 5% on training when compared to the annual wage bill. Using the Reid & Harris’s median of SME training spend (3 – 4% of the annual wage spend) would have resulted in £158,190 to £210,920 being allocated to Tubex’s training budget.















[bookmark: _Toc160726220]4.0 Tubex maintenance activities.

[bookmark: _Toc122333736][bookmark: _Toc160726221]Preventative Maintenance (current Tubex methodology).
During the second and third industrial revolutions Preventative Maintenance (PM) was developed using pro-active time-based strategies of expected service intervals of process equipment or process usage time to determine when PM is required to keep productive availability high. PM is carried out on each aspect of the process as determined by, in most cases, the OEM. This resulted in increased process availability compared to Corrective Maintenance but can also result in unnecessary loss of productive process time due to the maintenance intervals being too short, or too long, resulting in increased wear and tear, leading to potential major process breakdowns (Ciocoiu, et al., 2017).
Advantages over reactive corrective methodology.
· Number of breakdowns reduced.
· Breakdowns on average less catastrophic.
Disadvantages
· More labour intensive.
· Increased planning.
· Potential for over-maintenance, reducing equipment life.

[bookmark: _Toc122333737][bookmark: _Toc160726222]Predictive Maintenance (new CPS methodology – a goal of Tubex).
I4.0 has allowed PdM to become an achievable reality. I4.0 integration of sensors into the fabric of production processes digitises the physical process elements and allows real-time feedback of performance. AI and ML algorithms can analyse the sensor data, build models of expected performance, then automatically adjust the process, or give indication of change in the performance so that maintenance of the process elements affected can be investigated, and physical elements can be changed before they cause costly, unplanned downtime (Giada & Rossella, 2021). PdM has the paradigm shifting advantage in that maintenance is proactive and only carried out when it is warranted as opposed to PM time-based maintenance prescribed by OEMs and experience-based schedules (Çınar, et al., 2020).
Advantages.
· Extended equipment life.
· Maintenance only when needed.
· Reduced costs, easier forecasting, and ordering of spare parts.
· Reduced part inventory.
· Remote monitoring of machine performance.
Disadvantages
· Cost of digitising the equipment.
· Cost of ensuring adequate digital network infrastructure. 
· Training workforce to use the digital systems.
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[bookmark: _Toc160545633]Figure 3 Maintenance strategies.
Adopting PdM would reduce costs and create more value-added work by the maintenance team at Tubex. Future automation project introduction will incorporate CPS that will enable AI and ML software to highlight process changes before any lost production time.
Predicted improvements adopting PdM from Preventative Maintenance strategy:
· Reduction in maintenance costs 25 – 30%
· Elimination of breakdowns 70 – 75%
· Reduction in downtime 35 – 45%
· Increased production 20 – 25%
(Selcuk, 2017).
The author thinks some of these predictions seem very high but could be used as thresholds when justifying capital investments.






[bookmark: _Toc160726223]5.0 Analysis of current Tubex production staff training methodology.

[bookmark: _Toc160726224]Tubex hierarchy.
Plant Director
Engineering & Business Excellence Manager
Quality & Health and Safety Manager
Production Supervisor
Maintenance Supervisor
Operators
Maintenance Engineers
Shift Supervisors
Process Engineer
Quality Engineer
Logistics Supervisor
Logistics staff
HR Officer
Payroll Admin
Customer Liaison
Line Leaders
Quality Technician
Strategic management.
Supervision
Technical support.
Support.


























[bookmark: _Toc160545634]Figure 4 Tubex hierarchy.
[bookmark: _Toc160726225]5.1 Job requirements.
Groups of employees most affected by current I4.0 smart technology adoption.
[bookmark: _Toc160726226]Operators.
Need to be flexible and respond well to instructions. All operators need to be signed off by supervision to say they are competent and aware of all the different job requirements. Use of a Standard Operating Procedure (SOP) is the main document used to gauge competencies. During the first hours spent on shift new operators are assigned a competent operator to act as an instructor and ensure standards are maintained. After the competent operator deems it OK the new operators are left to see how they cope with production pressures. Some of the new operators have worked in factory environments before but most are young and inexperienced, with some finding the transition to factory life difficult. Most are utilised on the end of line extrusion process, putting tie wraps into tubes, which is a highly dextrous, repetitive operation. Cycle times as short as seven seconds for operators to pick a tube, insert two cable ties and then pack the tube into storage.
Employee renumeration is set at the Minimum Living Wage, shift allowance is paid and an additional 15% on average for working a three-shift pattern, Days – 07:00 – 15:00, Afternoons 15:00 – 23:00, and nights 23:00 – 07:00.
[bookmark: _Toc160726227]Line leader.
The line leader function is a bridge between shift supervisors, the first tier of management, and the shop-floor operators. There should be three line-leaders per shift, and each look after three extrusion lines. They have some authority in assigning place of work for the operators, and act as first point of contact if problems are encountered. They also work as technical support responsible for setting the extrusion line, ensuring quality is attained and maintained throughout their shift. 
They set tooling when tube diameter is changed, and program line speeds and tube length setting on the in-line cutting process. They also modify process settings to account for material variation and tooling problems. Some of the process variables they can set are:
Material and additive ratio settings – five different hopper settings. Different products have differing ratios of materials that are set using mixing equipment supplied by hoppers.
Extruder heating – seven temperature zones and screw speed. Different barrel and tool temperature profiles are set using data sheets but require tuning to achieve tube quality and productivity. Screw speeds set the amount of extruded material that exits the tool.
Cooling bath – Water flow and temperature, along with vacuum pressure. The tube is hot when exiting the extruder so is cooled to thermo-set it so the correct diameter size and form. Water flow and temperature is set so tubes are correct. Amount of vacuum in the bath maintains tube diameter and form until the tube thermo-sets.
Laser hole and perforation cutting – Laser position, speed, and power. Hole and perforation quality is set using position of the laser lens, so the correct focal length is achieved. Laser path speed and power can be varied so the cut quality is correct.
Haul-off – Belt positions and speed. The tube is pulled from the extruder, through the bath and laser stations using the haul-off that has profiled belts that grips the tube. Height and position of the belts are set, along with belt rotational speed that sets the line speed.
Tube cut – Tube target length programming. Length of the tubes depends on the species of tree and the potential grazing animals’ size; grazers include rabbits up to red deer so the tube height needs to be long enough to deter grazing. Using rotary encoders, the cut length is measured, and final length target is programmed.
Tube rim flare – Heating station temperature, tube positioning clamp and positioning of the flare tool. Flare quality is dependent on heating the tube end correctly, maintaining tube position and the mechanical positioning of the flare tool.
Line leaders also ensure that the correct tooling is used on change overs and removed tooling is stored correctly after use.
All the above variables do not interact in a definite manner and require a lot of experience-based product knowledge, however, none of this knowledge is documented so when issues are encountered there is no historical, cross-referenced information to access and use.
Ancillary operations.
The above job requirements all relate to the extrusion line processes but there are several off-line converting operations that the line leaders are also responsible for setting and maintaining quality, and include drilling, sonic welding, and hole punching.
[bookmark: _Toc160726228]Maintenance.
Consists of two experienced, qualified multi-skilled technicians who work mornings and afternoons. An experienced multi-skilled project engineer and an apprentice engineer currently in college completing a NVQ level 3 qualification in mechanical engineering work on the day shift. The team cover all process and facility maintenance aspects, including electrical and mechanical installations, repairing process equipment, process improvements and building maintenance. They autonomously design solutions to existing issues and are trusted to specify parts required for their designs. Their work is diverse and can be challenging. They also cover night shift by being on a rota based on-call system.




[bookmark: _Toc160726229]5.2 Current training of Tubex staff.
Mentioned in Section 2.3, but the following is a more focused, job specific overview.
[bookmark: _Toc160726230]Operators.
There are two pools of operator labour, the first being full-time and the other being recruitment agency staff that fill in labour gaps especially when production is increased due to high seasonal customer demand during the planting season. There is induction training when operators are first employed and is given by the recruitment firm before employees being allowed onto days, nights, and afternoon shifts. Operator induction involves a brief introduction to the tube and its features, and how to fit the cable ties into the tubes. This can be considered formal training, but its duration is very short and there is no theory of polymer extrusion, or any detailed explanation of the satellite operations around the lines. After attending one induction of new employees, the author found that the training was very rudimentary, lasting 4 hours. No real emphasis was placed on importance of quality, just the need to quickly get to the required productivity level. Current average length of employment of new inductees is three weeks, with retention of people working one month or more is 45% of inductees, at the end of the agency period 7% of employed agency are offered full-time roles. Overall attendance rate of operators is 89%
[bookmark: _Toc160726231]Line leaders.
All current line leaders at Tubex started out as operators, who were identified by supervision as potential line leaders.
All line leader training the author witnessed was again in-formal on the job training, with no structured format to follow. The new line leaders are assigned to a shift and “shadow” an experienced line leader who trains in their own way with no set presubscribed method. Incorrect knowledge or practices are perpetuated onto the next intake of line leaders. There is no formal classroom led structured learning provided by Tubex for line leader training. None of the current experienced line leaders can be classed as natural instructors, and this leads to inconsistent knowledge of each new line leader. 
[bookmark: _Toc160726232]Maintenance.
The maintenance supervisor is a time-served tradesman, who then worked as a service engineer for over twenty years. The maintenance technicians on shift are time-served tradesmen, the project engineer has a Bachelor of Science degree (BSc) and the apprentice is in his final year.at NVQ level 3.
Some external formal and informal training have been provided in the recent past and includes welding and PLC programming which they found to enjoyable and rewarding. However, one of the major issues highlighted during the author’s informal chats the lack of involvement during new process introduction has happened on multiple occasions. This leads to a lot of understandable resentment and frustration. 


[bookmark: _Toc160726233]6.0 Qualitative semi-structured Tubex staff interviews.
The strategic management shape the direction of the business and are responsible for long term planning, improvement, and implementation of highlighted changes. Given the need to adopt I4.0 CPS and smart technology to maintain Tubex’s market leading position a thorough examination of the current workforce skill sets needs to be formulated with clear objectives and workable timeframes to improve.
The strategic management and the groups of employees whose roles will be most affected by the adoption of I4.0 smart technologies (operators, line leaders and maintenance) will be involved in interviews to build up a picture of perceived issues. 
The semi-structured interview questions are specific for the operators, line leaders and maintenance audiences, with time allowed for informal discussion about how they feel they contribute to the company’s performance. The questions directed at the strategic management will be set to gauge the strategic approach to training and reaction to the 2022 investment in training and difference compared to the average SME spend (see 3.3).
[bookmark: _Toc160726234]6.1 Operators semi-structured interviews.
Carried out separately over the three shifts with shift B the first to be interviewed.
Shift B.
Three operators, Operator one aged fifty-two, full time with seven years’ service, Operator two aged thirty, full time with nine years’ service and Operator three aged twenty who is an agency worker with one months’ service.
Shift C.
Three operators, Operator one aged forty-four full time, with thirteen years’ service, Operator two aged thirty-five full time, with eight years’ service and Operator three aged twenty-nine full time, with three years’ service.
Shift A.
Four operators, Operator one aged sixty-one full time, with twenty-two years’ service, Operator two aged fifty-three full time, with nineteen years’ service, Operator three aged twenty-four full time, with five years’ service and Operator four aged forty-two who is an agency worker with three months’ service.
Firstly, a video (Marr, 2020) explaining what I4.0 is. Next videos (InvioAutomation, 2023) (FanucEurpoe, 2023) showed advanced manufacturing sites with high degree of automated processes was to illustrate the I4.0 CPS smart manufacturing that the strategic management have set as adoption goals. Next, a short training video depicting Operator 4.0 enhanced process (SCSConceptGroup, 2023). Operator 4.0 is a term relating to operators who work in the I4.0 CPS environment, interfacing with smart manufacturing systems (Flores, et al., 2020).
After the videos, the author talked about what the videos we’d watched to explain some of the topics covered until everyone indicated they understood and were happy to continue. The author then asked the operators to fill in the questionnaire (See appendix for Operator Questionnaire) based on what they had watched and their own personal experience.
The author emphasised that no opinion was wrong, and that confidentiality was my utmost priority. The author explained that once transcribed, the audio recordings would be deleted, and no names would be recorded on the transcriptions. The following questions were used to gain information, but also used as conversation starters to make the participants feel at ease, and less likely to guarded in their answers.
1. Looking at our equipment on-site which would benefit most from integrating Industry 4.0?
	Process
	Number of votes
	Why

	Former
	5
	High Scrap.
Speed – too fast.
Old machines.

	Cable tie insertion
	4
	Difficult job.
Too fast.
Hard to get tie into the holes.

	Ventex (Hole drilling)
	1
	Hard to align tubes and
messy – waste.



After collection of the questionnaires, the author had an informal chat with each shift asking about each process and asked them to express what they thought we could improve. Similar phrasing was repeated by each of the shifts especially regarding training and the lack of help available, especially from line leaders on certain shifts. After analysing the transcriptions of the post video informal chats, hole quality became a more prevalent and repeated phrase, and all agreed that cable tie insertion was difficult due to hole quality concerns. Holes are produced using a laser that “burns” the outline of the holes through the tube wall. Hole quality is dependent on the outline speed of travel, laser strength and the focal position of the laser head. A camera system could detect the focal position, and hole quality and automatically adjust the laser lens height off the tube for focal length and adjust the speed and intensity of the laser when tracing the hole outline automatically, using I4.0 CPS principles.
2. What type of training do you prefer? (Hands-on / Classroom / On-line)
	Method
	Number of votes
	Why

	Hands-on
	7
	Easy to learn.
Done before.


	Classroom
	2
	More accurate.
Preferred to take notes.


	On-line
	1
	Done before.



During the informal chat most said in-formal training was the most effective way if time was taken to explain the process steps and what to look for when carrying out the tasks. They were asked what the over-riding feelings were when asked about the training they’d received at Tubex, and the most repeated words were anxiety and doubt. Again, inconsistency of training was another repeated theme.
3. How have you adapted previously to learning new skills?
	Answer
	Number of votes
	Why

	Adapted well.
	8
	Previous training was well structured.


	Found it difficult.
	2
	First job.
First factory job




Most answered that they’d adapted well in the past but that was dependant on how they taught or shown how to carry out physical tasks. Some of the group had experience in factory work previously and they stated that training quality was at a higher level in these previous places of work. Several stated that they had experienced similar levels of training in the retail sector when compared to Tubex’s manufacturing training. Some of the more experienced operators highlighted the stress of learning new skills, while some of the younger operators expressed this also, and additional anxiety about mixing and getting to know new people.
4. How do you rate your digital skills?
	Good
	Poor
	OK

	Age < 40
	Age > 40
	Age < 40
	Age > 40
	Age < 40
	Age > 40

	5
	1
	
	2
	
	2



This seemed to highlight a generational division in perceived skills, with all under 40 operators stating they felt confident in their digital skills, whilst most of the 40 and above stating they did not feel confident in interacting with digital systems. During our informal chats the author emphasised that digital interfaces were now designed to be simple and intuitive, with minimal time spent looking for the desired information, and referenced the final video they watched Operator 4.0 enhanced process (SCSConceptGroup, 2023) as evidence.
 
[bookmark: _Toc160726235]Operator based study findings.
Whilst the sample size of operators was small, there was a good cross section of ages and working experience. Some of the responses related to the training problem were expected, especially given my previous chats with people working within the production environment, the author was surprised by how open and honest all the participants were without being overly negative. Looking at the results of question 1, there is a lack of understanding regarding the root cause of the highlighted difficulty inserting the cable tie, but all were engaged with the interview and reacted positively. 
[bookmark: _Toc160726236]6.2 Line Leader semi structured interviews.
Carried out in one interview meeting.
Shift C.
Two line-leaders, line leader one aged fifty-six full time with twenty years’ service, line leader two aged thirty-two with eight years’ service.
Shift A.
Two line-leaders, line leader one aged sixty-four with twenty-eight years’ service, line leader two aged twenty-seven with one years’ service.
Shift B.
Two line-leaders, line leader one aged twenty-nine with seven years’ service, line leader two aged twenty-eight with six months’ service.
Recently, a lot of experience has been lost across all the shifts for various reasons and this has resulted in the whole line leader pool of labour to become stressed due to inexperienced newcomers to the role not having operational knowledge in setting the lines correctly, and the resulting extra workload burden being carried by the more experienced line leaders.
Again, the same videos were shown (Marr, 2020), (InvioAutomation, 2023), (FanucEurpoe, 2023), (SCSConceptGroup, 2023), along with an additional videos showing the benefits of I4.0 with regards to potential help with setting, quality and mistake proofing resolution using augmented reality (PheonixContact, 2019) and (SCSConceptGroup, 2018).
After the videos, we talked about what we’d watched to explain some of the topics covered until everyone indicated they understood and were happy to continue. The author then asked the line leaders to fill in the questionnaire (See appendix for line leader questionnaire) based on what they had watched and their own personal experience.

1. What type of training would you prefer and why? (Hands-on / Classroom / On-line).
	Method
	Number of votes
	Why

	Hands-on
	5
	Proven method.
Simple process.
Done before.


	Classroom
	1
	Mix of methods preferred.


	On-line
	0
	




Majority of the line leaders were happy with the in-formal hands-on approach to training, especially with regards to setting the extrusion process due to the many process variables involved and the different methods of over-coming problems. All the line leaders with more than one year’s experience have previously mentored new line leaders. The author asked how they felt this went and most indicated the main issue was with a lack of time to be able to pass on their knowledge, and the lack of training materials other than the process SOP. Only one of the line leaders expressed preference to a mixed approach to training, encompassing hands-on and classroom formal training.
2. How have you adapted previously to learning new skills?
	Answer
	Number of votes
	Why

	Adapted well.
	6
	Enjoyed learning new skills if relevant.
Happy to learn.
Keeps you young!


	Found it difficult.
	0
	




All the line leaders expressed a willingness to learn and improve their skills.

3. How do you rate your digital skills?
	Good
	Poor
	OK

	Age < 40
	Age > 40
	Age < 40
	Age > 40
	Age < 40
	Age > 40

	4
	
	
	1
	
	1



Again, a generational division in perceived skills, with all under forty-line leaders stating they felt confident in their digital skills, whilst most of the forty and above stating they did not feel confident in interacting with digital systems, with 1 stating they hated working with computers. Both over-40-year-olds did state that the augmented reality highlighted in the last videos they watched were interesting and would be happy to use.






4. Looking at our equipment on-site which would benefit from integrating I4.0 and why?
	Process
	Number of votes
	Why

	Former
	4
	High Scrap.
Old machines – no maintenance.


	Lasers
	2
	Hard to set due to guarding.
Need laptop to alter speed of laser.




As with the operator observations the Former process was highlighted as the one which would benefit most from adopting I4.0 smart technologies. The Lasers were the other process that caused the line leaders the most issues and currently they do not have access to a laptop to alter settings to correct. They stated that they perceived a lack of trust was a factor in why they were not allowed access to a laptop.

5. Do you have any experience working with robotics or other advanced automated processes?

	Yes
	Type of equipment
	No

	1
	Industrial robots
	5

	
	Automated assembly cell
	



Only one of the line leaders had previously worked in an advanced manufacturing facility in the Fast-Moving Consumer Goods (FMCG) sector, using automated assembly cells that then had an end of line packing system using an industrial robot.

6. How do you feel about having to learn new skills to work on robotics or other advanced automated processes?

	Happy.
	OK.
	Concerned.

	Age < 40
	Age > 40
	Age < 40
	Age > 40
	Age < 40
	Age > 40

	4
	
	
	1
	
	1


All of the under forty-line leaders indicated they were happy to learn the skills required to set and work with advanced manufacturing systems, one of the over forty-line leaders stated he was retiring within a year and wasn’t concerned. The remaining over forty-line leader was concerned having never worked on advanced manufacturing systems and this seemed to me to be a totally natural response to change. The author tried to reduce his fears by stating that the systems are designed to be easy to navigate using human machine interfaces and would automatically indicate issues to the user.

[bookmark: _Toc160726237]Line leader-based study findings.
The sample size was smaller than the operator study, but again there was a good cross section of ages and working experience. They seemed more open and willing to change than the operators. The author was again surprised by how open and honest all the participants were with their responses, but the author had a sense that some were concerned about voicing all their opinions due to the presence of some strong personalities.

[bookmark: _Toc160726238]6.3 Maintenance semi structured interviews.
All the maintenance team are very experienced and are aged over fifty except for the apprentice technician who is thirty. The supervisor has the minimum service at just over one year but collectively the others have over fifty years’ service at Tubex and have witnessed the gradual technical progression which has gathered pace over the past eight years. Previous pneumatic logic control has been replaced using PLCs which make fault-finding and correction much easier. Old Direct Current (DC) motors have been replaced with new more efficient Alternating Current (AC) due to strategic management decision to focus in on reducing electrical utility costs.
The same videos will be (were) shown (Marr, 2020), (InvioAutomation, 2023), (FanucEurpoe, 2023), (SCSConceptGroup, 2023), (PheonixContact, 2019) and (SCSConceptGroup, 2018), along with an additional one based around predictive maintenance enabled by machine learning (RealPars, 2023).

1. What type of training would you prefer and why? (Hands-on / Classroom / On-line).
	Method
	Number of votes
	Why

	Hands-on
	2
	Proven method.
Easy.



	Classroom
	3
	Mix of methods preferred.


	On-line
	0
	



Majority of the maintenance department preferred classroom-based training with additional hands-on informal training to reinforce the classroom based formal training. After the discussion the two individuals who preferred hands-on training also expressed their preference for a mixed training approach.
2. How have you adapted previously to learning new skills?
	Answer
	Number of votes
	Why

	Adapted well.
	4
	Enjoyed learning new skills.
Important to stay relevant.


	Found it difficult.
	1
	Struggled with electro-mechanical training rig on his last external training.




All the maintenance department recognised the importance of keeping abreast of technological advances and the need for continuous learning throughout their careers. One of the maintenance team stated that on their last external training course the rig used was confusing due to the nature of linking the pneumatic control elements by jumper cables. He was more than happy and understood actual industrial environments but struggled with the training rig setup. This reaction illustrates the need for contextual hands-on training that uses actual equipment encountered in their daily maintenance roles (Ellinger & Cseh, 2007).

3. How do you rate your digital skills?
	[bookmark: _Hlk159335277]Good
	Poor
	OK

	Age < 40
	Age > 40
	Age < 40
	Age > 40
	Age < 40
	Age > 40

	1
	
	
	1
	
	3



Most of the maintenance department seemed happy with their digital skills, but all stated that more time spent on the different applications would be beneficial. PLC programming platforms and Computer Aided Drawing (CAD) packages were highlighted due to the lack of use after initial training. 1 of the maintenance department stated that he didn’t enjoy using computerised systems.








4. Looking at our equipment on-site which would benefit from integrating I4.0 and why?
	Process
	Number of votes
	Why

	Former.
	2
	Old machines – hard to maintain.


	Extruder.
	1
	More process variable data to enable more fact-based setting.


	Laser.

	1
	Have a dedicated Human Machine Interface (HMI).
 

	Haul-offs.

	1
	Automate belt vertical movement, along with belt peripheral speed.




The Formers were again highlighted as needing updates, the Laser system due to the need to interface with a laptop to change process settings. The Extruder was a new process that was identified, as the engineer having worked extensively on extrusion processes during previous employment highlighted new process variables such as melt temperature and coolant flow rates. This would help reduce scrap and setup times. Presently the haul-offs are set manually using hand-wheels to set belt heights and a potentiometer to set belt speed, use of encoders and electrical servo drives to automatically set the positions would also reduce scrap and reduce setup times.
	
5. Do you have any experience working with robotics or other advanced automated processes?

	Yes
	Type of equipment
	No

	5
	Industrial robots
	0

	
	Automated production lines.
Bottling plant.

	



All the maintenance department have had experience in advanced automation.



6. How do you feel about having to learn new skills to work on robotics or other advanced automated processes?

	Happy.
	OK.
	Concerned.

	Age < 40
	Age > 40
	Age < 40
	Age > 40
	Age < 40
	Age > 40

	4
	1
	
	
	
	



All the maintenance department were happy to learn new skills and the lifelong need to continually advance their skill set to keep up with technological advances (Dean & Spoehr, 2018), (Tam & Gray, 2016), (Hlasny, 2023), (Badri, et al., 2018) and (Flores, et al., 2020).

[bookmark: _Toc160726239]Maintenance department-based study findings.
The sample size was smaller than the line leader study with and reduced good cross section of ages and working experience. All seemed open to change, not surprising given the varying nature of the roles and having more technological experience than the line leaders and operators. The author was again surprised by how open and honest all the participants were with their views and all participated equally in the discussions, with no dominating personalities observed. One of the maintenance team stated that he was glad he was close to retirement age as he didn’t like interacting with computer systems, and despite the author’s best efforts to allay his fears he remained sceptical about the improvements advanced automation and I4.0 technologies would bring. 
All the maintenance department expressed interest in the improvements I4.0 could bring to improving maintenance techniques at Tubex.
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[bookmark: _Toc160545635]Figure 5 Word Cloud from non-strategic management semi-structured Interviews.
[bookmark: _Toc160726240]6.4 Strategic management semi-structured interviews.

All three of the strategic management team are experienced, having worked in varying managerial roles previously. The plant director has worked at Tubex for 21 years, starting as an operator, progressing to line leader, supervisor, and production manager before being offered the plant director role in 2022. The business excellence and engineering manager has 9 years of experience at Tubex, before that he started as a multi-skilled maintenance engineer and latterly as a maintenance manager in the food industry and has gained extensive automation knowledge. The quality and health and safety manager has recently joined Tubex in 2022, having previously worked in the medical sector, initially in quality functions before being assigned additional health and safety responsibilities.

1. How do you perceive the importance of advanced automation and I4.0 technology adoption to the continued profitability and longevity of Tubex?
	Essential
	Very important
	Not essential
	No importance

	3
	
	
	



After the questionnaire was completed, the author sat down with the team for an informal chat, and asked for reasons why all the strategic management team recognised the need to adopt advanced automation and I4.0 technologies. They stated that Tubex needed to continue to grow and maintain its UK market leading status. They stressed that the business would need to increase innovative practices and focus on all aspects of the business so reaction to changing customer requirements would happen quickly with minimal disruption. Customer demand for the Nature product has led to the increase in use of biodegradable materials, which has proved to be difficult due to the small processing window when compared to Shelters made using PP. Having increased CPS feedback with autonomous process optimisation would be a paradigm shift in terms of quality, reduction in scrap and increased productivity. Presently, the process variables are monitored and altered by line leaders, some of which are inexperienced and not used to the more volatile biodegradable materials. Small changes in temperature and barrel residency have a massive effect on the quality of cut and material properties.

2. What do you perceive being major roadblocks in adopting advanced manufacturing systems and I4.0 technologies?
	Roadblock
	Votes

	Employee skills.
	1

	Cost of implementation.
	1

	Correct application of CPS.
	1

	
	



During the informal chat the strategic management team elaborated on their chosen roadblocks:
Employee skills.
Recently, a Supervisory Control And Data Acquisition (SCADA) system was installed by Tubex so data such as Target Rate, Actual Rate, Downtime Minutes, Downtime %, Minutes Behind, Target Count, Actual Count, Previous Shift Actual Count and Downtime Minutes could be analysed remotely. Original timeframe of the SCADA system install was 3 months, but the actual time taken to successfully install was 20 months. This delay was due to various issues including communication with and availability of outside contractors, changing the system specification due to incorrect initial design. Hardware interfacing issues due to different manufacturers’ protocols and obsolete on-site equipment. 
The reason that outside contractors were used was the lack of experience and knowledge of Tubex on-site technical support. Installing CPS is a complex process that required new network infrastructure to be put into place. New hardware to collect and network all the real-time data had to be installed and commissioned, along with new analytical software that the on-site technical support had no experience with. After working with the external contractors, the project engineer at Tubex has gained in-formal incidental experience with the SCADA system and can now fault find and correct simple issues as they arise. This difficult system adoption has highlighted the importance of training to the strategic management team, and they fully understand and appreciate the difficulty in these complex system installations.
Cost of implementation.
The cost of CPS installation is a major investment for any company but especially SMEs. Justifying major capital investment based on projected improvements is a very difficult thing to accurately forecast. Another Tubex project underway is automation of the cable tie insertion, which requires a bespoke solution as there is no current process in the marketplace. An established automation integrator was chosen from 3 tenders submitted in 2020. However, due to the Covid 19 outbreak the project was put on hold. The integrator then re-started the project in 2022 on a revised installation program that then changed the method of implementation. The process development stage has proved to be difficult with over $800,000 being spent on the various iterations with no production equipment being built. This has made executive management very nervous about committing to any further spend without tangible results.
Correct application of CPS.
From experience the strategic management team has learnt that correctly specifying the areas that the CPS will gather data on is key to successful adoption of advanced manufacturing I4.0 systems. Time wasted gathering data that will not improve production quality and productivity must be removed from system specifications. Data collection from areas not considered can be added retrospectively if there are sufficient hardware redundancies.

3. What do you think is the right training budget as a percentage of annual wage bill? (2022 annual wage bill was £5,270,000).
	Percentage
	Votes

	>5 (£263,500+)
	

	2 – 5% (£105,400 - £263,500)
	1

	< 2%
	2



During the informal chat the author asked why most of the team chose less than 2%, when training and being innovative were previously highlighted as being vital as the business adopts these advanced manufacturing systems? The main reason behind those the two votes for less than 2% was the high amount of money involved. The author then used Reid & Harris’s >5% figure (Reid & Harris, 2002) used by 10% of SMEs in Northern Ireland to allocate to training allowance. The author then used Reid and Harris’s other finding that 62.7% of SMEs spent 0 – 2%, which allied to the team’s initial conclusions that Tubex’s spend would be around 1% or £50,000. The author then used the Tubex 2022 financial report training figure of £17,000, which equates to 0.3% of the annual wage bill. The 0.3% spend was immediately questioned by the strategic team as being incorrect and some investigation would be needed as to why only £17,000 was captured as training expenses.
Investigation results.
Only one instance of training was captured and reported to the accounting team that was allocated as training spend. The reporting and recording of training costs will need to be improved and seen as a matter of importance by the strategic management team. Another employee factor in the incorrect training data capture is the high turnover of staff in the finance department who were unsure of company reporting methods. Cost capture to be decided upon and discussions on what needs to be captured (wages when being trained / training provider costs). The strategic management team have committed to investing a minimum of 1% of the annual wage bill in training for the 2025 financial year.
4. How do you see the business evolving going forward in the short term (2 years)?
	Significantly reduced workforce / autonomously automated
	Reduced workforce / highly automated
	No agency (same core full-time) workers / highly automated
	Current business model.

	
	1
	2
	



All the strategic management team stated that the current business model is unsustainable going forward as the cost of employing seasonal workers was prohibitive given the operator turnover and was also affecting quality and productivity given the need to continually train new operators. The well-being of supervisory staff has also been highlighted due to the recent high shift supervisor turnover. Most saw the near future business evolution as one of no agency staff operators, with the full-time operators becoming line tenders, filling hoppers with materials and acting as first level problem solvers if machine issues arise. This labour retention also gives additional flexibility in case of the automated production line encountering issues, the manual processes could be re-installed until the issues are resolved.
One of the team thought that the business could immediately have a reduced full-time work force and that the highly automated new processes would not require the flexibility of retaining the full-time operators. This seems overly optimistic to the author having previously worked on bespoke machinery and seen the need to develop new processes over time. 

5. How do you see the business evolving going forward in the medium term (5 years)?
	Significantly reduced workforce / autonomously automated
	Reduced workforce / highly automated
	No agency (same core full-time) workers / highly automated

	
	3
	



All the strategic management team thought that in the medium term the business would have a streamlined, skilled workforce that would act as line technicians, optimising the process in conjunction with intuitive HMI that would help and guide the technicians in solving process and quality issues as they arise. Wages would reflect the new technical role line leader role and any additional training required would be provided for the individuals identified with the correct potential and attitude.
[bookmark: _Toc160726241]Strategic management-based study findings.
Despite being a small team there was still a lot of experience, especially specific Tubex based knowledge. All the team were consistent in their responses to the interview questions, and all supported and recognised the need to change to advanced manufacturing from the present old technology (pneumatic / relay logic) driven processes. All recognised the need to upskill the workforce but there was some misalignment on the financial commitment levels. One of the team stated that training in PLC programming had been given to maintenance team members but on several occasions outside expertise was still needed to resolve problems. Another of the team stated that a week spent learning PLC programming was useless unless the knowledge gained was fostered and time allowed to use the skills frequently.
The author emphasised van Dun & Kumar’s findings of how important managerial support of employees was in the successful adoption of advanced manufacturing systems and I4.0 (van Dun & Kumar, 2023). Embedding the correct ethos and human-centric approach into the fabric of businesses was vital in maintaining employee well-being.


[bookmark: _Toc160726242]Overall semi-structured interview findings.
The author used Tracy’s book, “Qualitative Research Methods” to guide him through the prescribed method of gathering qualitative information (Tracy, 2020).
Apart from some of the quieter line leaders the interviewees were very open and honest when asked questions by the author during the informal post questionnaire discussions. Some of the operator responses were technically incorrect but that was not a reflection on their honesty just a misunderstanding of how the process functions. 
All the meetings were held in the same training room which had an interactive display panel used to show the videos. All began with the author introducing himself giving information about his work experience and past roles. The interviewees were then asked to briefly introduce themselves, with some exhibiting obvious signs of nerves, others were very confident, but all did remarkably well and gave good accounts of their personal and work experience.
The videos shown drew lots of attention from the interviewees and several times the Author paused the videos to explain what was happening, the author used this time to engage the audience and reaffirm that no question was wrong so all should feel free to ask anything they wanted. Several of the more nervous interviewees could clearly be seen to relax and give full attention to the videos. Indeed, several times since the interviews the author has been stopped and approached and asked about how his dissertation work is progressing.
All the meetings were interesting to author who has never run qualitative studies before, and the social interaction of the line leaders was especially interesting to observe, with the dominant personalities leading the course and direction of the discussions. The author tried to engage with the quieter line leaders but found the more dominant ones quickly taking over. On next qualitative studies the author will try and follow up meetings individually with quieter personalities, so potentially important points of view and insights are not lost.
The strategic management meetings highlighted previous knowledge of advanced manufacturing and I4.0 processes and the author found this encouraging given that the aim of this dissertation is to introduce new methods to improve adoption of new advanced process automation. 
The recurring theme of non-involvement when new process introduction has previously occurred at Tubex is an important but relatively easy concern to correct given the amount of engagement and enthusiasm exhibited during the interviews. 





[bookmark: _Toc160726243]7.0 Optimised Tubex training strategy.

Current administration of Tubex training strategy depends on the area worked in.
[bookmark: _Toc160726244]Operators.
Operators have a skill matrix that is administered by the shift supervisor. All the current shop-floor jobs are included on the matrix and the operators are graded using a 4-sided square, with 1 side awarded to operators currently training. 2 sides denote that the operators achieve productivity targets and are aware of quality checks. 3 sides indicate the operator can change the process over to run different parts, and 4 sides signifies that the operator can train others. There is no monetary incentive for operators to learn all the jobs, as all the operators are paid the same regardless of experience and flexibility.
[bookmark: _Toc160726245]Line leaders.
Line-leaders have an expanded skill matrix administered by the shift supervisor and are higher paid than the operators. They have all the operator matrix fields but also have additional technical aspects such as tooling changes, Total Productive Maintenance (TPM) data entry and quality check sign offs. Some of the line leaders are skilled and are heavily relied upon to ensure productivity and quality levels are achieved and maintained, while others have more limited capabilities. Again, there are no differences in wages to reward the level of skill shown.
[bookmark: _Toc160726246]Optimized method of operator and line leader training.
Pressure to achieve productivity levels and the need to utilise all line equipment available time to production is not conducive to achieving sustainable training practices. Sufficient time for structured formal theory and in-formal on the job training would be a step change for Tubex and one way to achieve this goal would be adoption of the learning factory concept (Neacsu, et al., 2021), (Hulla, et al., 2019). Replacement of one of Tubex’s older extrusion process with bio-degradable material optimised line design would free up equipment and improve productivity and quality of Tubex’s Nature product.
Additional financial reward for those employees who are flexible and who regularly show high skill levels should be adopted. All these individuals could have job title changes and become Senior operators and line leaders. The monetary reward and the fact that these high performing individuals are recognised could prove to be positive and inspirational to those wishing to attain the same status (Shi, et al., 2016). Motivated employees feel valued and perform better, with pay being one of the most important aspects of self-worth and motivation in the workplace (Ciurea & Pau, 2020).
[bookmark: _Toc160726247]Maintenance
The maintenance team also have a skill matrix and is administered by the maintenance supervisor and includes recognition of the highest academic qualification of the team members. Mechanical and electrical competencies along with licences to drive forklifts and MEWPs (Mobile Elevating Work Platforms) are included. All the team have participated in external training courses that have included basic PLC programming, MIG welding and basic electrical competency for mechanically biased engineers. All the team found the external training courses rewarding and improved their contribution to the business in the short-term, but retention of PLC programming skills deteriorated quickly due to lack of use post training. There is a PLC training rig with several pneumatic actuators and a contactor-controlled motor, but no time is allocated in the working week for the team to re-enforce learned skills and acquire new ones.
All the team have different pay structures that in some cases were inherited due to the business owners and managerial changes over the years. Recent department departures have highlighted the difficulty in finding like-for-like replacements who fit into the diverse maintenance system at Tubex, so keeping the existing team together and all the experience it has gathered is vitally important to the continued success of Tubex.
The team have varied skills that contribute to an overall good level of knowledge using existing mechanical and electrical experience, but all could benefit from expanding their understanding especially in the CPS now being introduced at Tubex.

[bookmark: _Toc160726248]Optimized method of maintenance department training.
Maintenance departments need specific time set aside for training where breakdowns aside they could concentrate on skill improvement. Training on a dedicated PLC training rig could be structured so predetermined program cycles be targeted and any knowledge gaps filled by more experienced members, or external training provided. Issues could then be deliberately introduced to cause malfunctions, and root cause analysis skills examined and improved. 
Training in use of CPS analytical software will be essential as new areas of monitoring are highlighted meaning the CPS can have additional sensors added without the need for outside contractor intervention. 
Use of a Computerised Maintenance Management System (CMMS) is central to correct implementation of PdM, so any highlighted issues identified using the process CPS have a defined repair procedure and repair time allocated so production is not affected (Selcuk, 2017).
Use of external formal and informal (in-house) training must be balanced to ensure a tailored and targeted approach to learning objectives. Informal trainers must have good communication and coaching skills (Jayawarna, et al., 2007).





[bookmark: _Toc160726249]8.0 Conclusions.

[bookmark: _Toc160726250]I4.0 advanced manufacturing process introduction.
Improving the introduction of new complex advanced manufacturing processes is essential to SMEs as they look to leverage the improvements offered by I4.0 smart technologies. The main issue highlighted (using Tubex’s recent experiences) with new process introduction is the lack of personnel involvement at all levels of the business. Only certain engineering department individuals and strategic management team knew about aims, design and final solution of the project. The people involved in running and maintaining the new processes were not involved until the process was introduced onto the shopfloor. Qualitative semi-structured interviews re-enforced the author’s initial view that non-involvement of important parts of the workforce were contributing to new process introduction failure and were the source of much resentment and frustration.
New guidelines for correct personnel involvement will be introduced so all levels of the business are engaged, their views taken on-board and important insights are not lost before process designs are released. Before project milestones advance, sign off by representatives of each stakeholder (operator, line-leader, production supervisor, maintenance, process engineer, quality engineer and strategic management) will be required. Meetings of all the stakeholders will progress this new process sign off procedure and will be incorporated into the present management of change system, so Tubex’s business management system control will be maintained. 
Engaging employees correctly and involving them in fundamental changes might seem to be a natural process but to different extents the author has seen this exclusionary behaviour in multiple companies, so Tubex’s issues are not unique.
[bookmark: _Toc160726251]Financial reward of high-performing employees.
The importance of financially rewarding high-performing individuals must be recognised. It builds self-esteem, engagement and validates their worth to the business. It also helps to ensure they remain with the business in the long-term. These high-performing employees drive cultural change so overall resistance to change is reduced, and new methods of work are successfully adopted. However, it is the author’s experience that paying under-performing individuals the same enhanced wages as high-performing individuals can lead to resentment and a gradual decline of performance, so it is important that the correct individuals are rewarded.
[bookmark: _Toc160726252]Optimised training for I4.0 advanced manufacturing processes.
Workforce training is another vital aspect in successful adoption of I4.0 advanced manufacturing systems, so it is very important that training is a priority before, during and after new process introduction. The importance of life-long learning especially in the field of technical support is vital, so technological advances are incorporated quickly into existing I4.0 advanced manufacturing processes.
Allowing employees time to re-enforce new learnings is essential so they become utilised correctly and fulfil management objectives. The author has witnessed and has first-hand experience of externally funded training quickly being forgotten due to lack of post training familiarity and use. Time set aside for the maintenance team so structured formal training can occur will be controlled and monitored by the maintenance supervisor. Objectives will be set, and any highlighted knowledge gaps will be targeted for improvement.
Correct use of analytical and CMMS software will be essential to correctly implementing PdM, so training in correct use will be essential so the human element does not affect the gains seen using PdM.
All the improvements advised by this paper seem simple, but it is the author’s experience that simple things done well usually result in sustainable improvements.

[bookmark: _Toc160726253]9.0 Limitations and further research
This dissertation is intended to help guide SMEs in the introduction of I4.0 advanced manufacturing processes and associated workforce training. The work-based information used was collected from a single source and will not represent every workplace or opportunity of adoption. SMEs have different expertise and resources so each adoption of I4.0 will be different, and the focus of any training strategies will need be tailored to achieve correct technological support.
Further research to increase the work-based qualitative semi-structured interview information is required to validate the author’s findings.
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Illustrations of the Automated Tie Insertion project.
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Fiberweb Geosynthetics Limited

Notes to the financial statement for the year ended 30 September 2022
(continued)
6 Staff numbers and costs

‘The aggregate payroll costs (including directors' remuneration) were as follows:

9 month period

Year ended 30 ended 30

September September

2022 2021

£000 £000

Wages and salaries 5273 4311
Social security costs. 570 439
Pension costs, defined contribution scheme 242 7
Staff training 17 33
6,102 4,954

The average number of persons employed by the company (including directors) during the

year, analysed by category, was as follows:
9 month period

Year ended ended 30
30 September September
2022 2021
No. No
Production o7 100
Administration and support 40 38
137 138

Emoluments of the directors were:
9 month period

Year ended ended 30

30 September  September

2022 2021

£000 £000

Directors' remuneration 119 75
Company  pension  contributions to  defined
contribution schemes (Contributed for 1 director

(2021: 1 directon)) 7 5

126
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