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An analysis of fixed, programmable and flexible automation
Few sectors have witnessed as profound a transformation as manufacturing. From the tumultuous growth post World War II emerged manufacturing automation, which revolutionised the way goods are made today.
Manufacturing automation represents the convergence of technological advancement and human innovation, serving as a sophisticated sequence of mechanised processes to optimise efficiency and maximise productivity. Three principal forms of automation have emerged: fixed, programmable, and flexible. Each archetype is characterised by historical developments from the Industrial Revolution to the present.
Fixed automation traces its lineage to the inception of modern manufacturing practices. Renowned for its inflexible nature, fixed automation executes repetitive tasks precisely and consistently (Kalpakjian & Schmid, 2014). In contrast, fixed automation's successor introduced a paradigm shift by enabling swift reconfiguration and fine-tuning operations through programmable controls (Groover, 2024). Finally, flexible automation (BadKhar, 2023) excels in the need for the world to meet the fluctuating demands of production cycles, showcasing a bespoke capability tailored to accommodate variable workflows.
This essay explores the history of the three stated automation systems by chronologically organising their developments from inception to implementation. By exploring their differing applications and illuminating their impact on industries, an analysis of the evidence gathered will be used to identify opposing strengths and weaknesses. An evaluation will be carried out on the control systems employed within automation to include the manipulation of process variables where they are monitored and controlled to enable efficient operation. Particular attention will be paid to analysing flexible automation and its use within the flat-pack furniture industry. Finally, the findings of this essay will be summarised to draw conclusions supported by the evidence provided.


Fixed Automation development and control systems
Fixed automation (also known as hard or rigid automation) emerged during the late 18th century in the 1st Industrial Revolution. This era witnessed the rapid advance of mechanised production through specialised machinery, such as the spinning Jenny weaving loom (Bellis, 2021) and the rotary steam engine. Due to these advancements, industries such as textiles, agriculture, and mining benefited intensely and experienced significant increases in output and efficiency. In the case of The Spinning Jenny (created by James Hargreaves in 1764), notably, this marked the first transferral of the labour force from working remotely -typically from home- to a more traditional factory setting. 
The pursuit of higher yields of product output fuelled the introduction of (Britannica, 2020) powered machinery such as the rotary steam engine (created by James Watt in 1776). This reduced the need for manual power to be provided to machinery by humans (such as the need for the operator to turn the wheel on the spinning Jenny) or animals (within the agricultural and mining industries). The application of this technology revolutionised manufacturing and gave the ability to power factories with more complex rotary machine tools by providing an efficient and reliable energy source.

Figure one. The spinning Jenny- source (Bellis, 2021)
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Although it has been demonstrated that the essence of fixed automation has been a mainstay in manufacturing for four centuries, it was not until post-WW2 (Groover, 2024) that car manufacturers coined the term to describe the increased use of automatic devices and controls within their systems. Developments preceded this during the Second Industrial Revolution, which saw the transition from steam to the internal combustion engine and the adoption of electricity as a power source (Mokyr, 1998) (Greenfield & Schweder, 2023). These developments saw the birth of a new boom in manufacturing productivity with the Advent of the assembly line by Henry Ford in 1913 (History, 2020). It could be posed that this mode of manufacturing epitomises the definition of fixed automation and allows the opportunity to observe the model's strengths clearly due to favour towards mass manufacture (EmpoweredAutomation, 2022). Henry Ford is famously quoted as saying, "Any customer can have a car painted any colour that he wants so long as it is black" (Sullivan, 2023). It could be argued that this quote epitomises the inflexible nature of fixed automation, as the decision behind the singular choice of colour was to increase output by streamlining the production of the Model T and to create a standardised product quickly and economically (EAM, 2020). 
[image: https://img.rasset.ie/000f83ea-1440.jpg]Figure three. Henry Ford assembly line during the 1920's. Source- (Ford, 2013)
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Description automatically generated]Figure four. Plant diagram of typical traditional fixed automation factory line. Adapted from: (Raut, 2015)
Fixed automation was initially operated on relay logic control based on analogue electrical impulses that harnessed microswitches, electromagnetically controlled relays and exceptionally accurate electrical timers (Negi, 2019). Relay logic control (RLCs) operates on a system where the actions of the system are dictated by the wiring and sequencing of relays in response to input signals. This type of control was superseded by programmable logic controllers (PLCs) utilising ladder logic and a computerised microprocessor (Hughes, et al., 2016). This development moved away from hard-wired systems as it expanded the capabilities of programming manufacturing systems to perform a broader range of tasks. This opened the opportunity to utilise closed-loop systems to allow for more reliable and accurate operation by reducing the system's sensitivity to external disturbances. 



Figure five. Example of a RLC panel. Source : (Ladderlogic, 2024)
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Advantages and disadvantages of fixed automation
The strengths of fixed automation predominantly lie in its ability to mass-produce standardised products at a large volume with high efficiency, speed, and economy. These qualities make it well suited to high-demand products which require little change (Geng, 2004). Fixed automation can also improve quality within a product as the machinery involved is typically programmed to complete one task consistently and reliably with little downtime or errors. Automation also reduces a human operators' need for manual labour tasks, translating to lower product expenses  (ControlFreaks, 2020). It could also be argued that fixed automation can significantly improve safety by eliminating or reducing the need for humans to carry out hazardous tasks (Wardrup, 2021).
As with all perceived advantages, there is always the inverse. Fixed automation's propensity for creating standardised products at scale translates to a lack of flexibility, making it difficult and costly to reconfigure a plant. This can cause a manufacturer issue with the scalability of production output, the creation of different products or the need to modify the plant to perform new processes. (BadKhar, 2023) In turn, this could disadvantage specific industries that have rapidly shifting production requirements. There is also a high barrier of financial entry when implementing fixed automation systems, which can present an issue with smaller businesses, as much of the machinery needed will need to be custom-made to suit the required application. Furthermore, although fixed automation systems are renowned for reliability, they require regular maintenance to ensure optimal performance, further enhancing costs.




Programmable automation- development and control systems
The next breakthrough in automation occurred during the mid-20th century (Hove, 2017) (Boisette, 2018), which saw the emergence of programmable automation, marking a significant milestone in manufacturing technology. This period was characterised by the development of several groundbreaking inventions, such as numerical control (NC) machines in 1949 (Kalpakjian & Schmid, 2014). These machines utilised punched paper tapes, which were read by a large computer and transferred into automatically programmed tool language (APT) and used to control the axes of the machines (Cadem, 2024). Simpler versions of APT were developed over time, allowing it to be run on smaller computers introducing computer numerical control (CNC) machines to the market (Kalpakjian & Schmid, 2014). CNC machines introduced new tools such as robotic arms and reductive manufacturing tools (Xometry, 2022), which utilised a small computer instead of paper tape and more advanced features such as tool carousels that could automatically change within the machining cycle and incorporate multi-axis operation (Princetonedu, 2024). 







Figure six- NC milling machine. Source: (Hove, 2017)
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Figure seven. Early CNC lathe control panel. Source : (Practical-Machinist, 2007)
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Programmable logic controllers (PLCs) were developed in 1968 (Hughes, et al., 2016), signalling a paradigm shift away from RLCs. Early PLCs were more user-friendly than computers and used a simple programming language -ladder logic. Human-machine interfaces (HMIs) were introduced  (C3Controls, 2024). From this time, they have been widely adopted within the industry. They can monitor and program the PLC to respond to various switches and sensors and sequence mechanical and electrical equipment operations. 
Figure eight. An example of ladder logic and relay logic diagrams. Source: (Hossari, 2023)
[image: Ladder Logic vs. Relay Logic]





Figure nine. Early example of PLC. Source
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Figure ten. Modern example of PLC. Source
[image: Latest Advancement in PLC Technology | PLC Technician]


Figure eleven. Typical block diagram of PLC. Adapted from Source:
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The significant development of these inventions was increased flexibility and versatility in production processes as they could be programmed to produce a broader range of products and perform more advanced processes. Industries such as automotive, aerospace, and electronics embraced programmable automation for its ability to produce complex parts with high precision and repeatability.  (Geng, 2004)






Advantages and disadvantages
In contrast to its fixed counterpart, programmable automation is more suited towards a low to medium-scale batch rather than mass manufacture as it provides flexibility through easy reprogramming and reconfiguration. This makes it a good choice for industries such as precision engineering, which must adapt quickly to changes in production requirements or product designs to accommodate changing market conditions. (Aggarwal, 2024)
Automation in these fields increases efficiency by reducing manual intervention, (shoplogix, 2024) leading to higher production rates and improved accuracy in repetitive precision-based processes. This leads to long-term savings by reducing labour costs and increasing waste in manufacturing processes' profitability. Additionally, programmable automation can enhance product quality by minimising human error while increasing safety by reducing the operator's need to work near rotating machinery.
Regarding the perceived disadvantages, similarly, to fixed, (Automationcommunity, 2023) (BadKhar, 2023) the significant initial investment in equipment, training and software may pose a barrier for smaller businesses, mainly if they operate on shallow production volumes. The operation and maintenance of programmable systems can be complex, requiring skilled technicians with specialised knowledge. Additionally, although they are more flexible than fixed automation systems, they are still more suited to industries with low to medium production outputs with a high degree of product variation.
 


















Flexible automation
Flexible automation- the latest iteration of manufacturing- began to gain prominence during the 1980s and was driven by advancements in computer technology and robotics (Groover, 2024). Flexible automation systems rely on integrated computer control and robotic technology to quickly adapt to varying production requirements. As the complexity of hardware increased, so did the software that supports it, such as computer-aided design (CAD) and computer-aided manufacture (CAM)  (Krar & Gill, 2003). These innovations revolutionised machining, metalworking, and woodworking, enabling manufacturers to produce customised parts efficiently and economically (Kalpakjian & Schmid, 2014).
Although the first CAD software package was created in 1966, it was not until the 1980s that it became adopted within engineering and manufacturing  (Bethany, 2024). The combination of CAD and CAM software packages soon followed, where designs could be drafted and transferred into machine code and uploaded to a CNC machine (Krar & Gill, 2003). This development has removed the need for a human to program the machine manually and allowed for the creation of more complex parts. Further developments followed throughout the early 1990s with the advancement of additive manufacturing processes such as 3D printing (Ultimaker, 2024), multi-axis machining centres and the increasing prevalence of artificial intelligence technology (Rzevski, 1995).
Figure twelve. Example of a Flexible automation production line. Source:
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Figure thirteen. Plant diagram of possible flexible automation system. Adapted from source:
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Advantages and disadvantages 
Although it shares many qualities with programmable automation, such as increased safety levels, the flexible model differs in several ways, namely in the scale of the manufacturing output capabilities. (Geng, 2004) One of the primary benefits of flexible automation is its ability to quickly adapt to changes in production requirements while achieving higher production yields than the programmable model (ControlFreaks, 2020). This adaptability allows manufacturers to handle varying product designs, production volumes, and process requirements without significant downtime, ultimately making them more resilient to market changes (Jovane, et al., 2003). Another key advantage is that quality control is often built into the system and monitored by a range of sensors, reducing the chance of human errors. This can ultimately translate to higher customer satisfaction, less wastage, and reduced rework (Shaloo, et al., 2024) (Geng, 2004).
Flexible automation shares a range of the same disadvantages as fixed and programmable automation, such as a high initial investment due to the machinery, software, and training costs (Hayes, 2023). Furthermore, it could be argued that as automation develops and requires reduced amounts of human intervention, there may be a real possibility that humans will be removed entirely from the manufacturing process, which will displace jobs (BadKhar, 2023). Another element to consider is that flexible automation may not be suitable for industries which rely on human interaction and customer service. Finally, due to the complexity of many systems, human operators cannot manually program machines anymore, and software packages must achieve this. These elements, in turn, can reduce workforce skills, hindering adaptability and an overreliance on technology (BadKhar, 2023). 

Why is Flexible automation the most appropriate for the flat-pack furniture industry?
The furniture industry has transformed over time, transitioning from a traditional business model to one of mass manufacturing. Historically, furniture production has involved creating bespoke hand-crafted products using traditional methods and natural wood materials. Over time, with new artificial materials, such as MDF and chipboard and new assembly techniques, this transition has seen the emergence of flat-pack furniture (VisualComponents, 2024).
In the flat pack furniture industry, product designs, configurations, and sizes vary widely, (Manufacturing-automation, 2007)and the ability to customise products to suit customer needs can be a critical selling point for manufacturers. Unlike traditional fixed automation systems, flexible automation can provide the variability and adaptability to evolve with the industry's needs. Flat-pack furniture is renowned for its short life cycles (Cooper, et al., 2021), which require a production system that can swiftly adapt to new trends and designs. Using the flexible model, production processes can be quickly changed with little need for retooling or reprogramming, reducing downtime and ensuring that efficient production turnover is maintained (Jovane, et al., 2003) (BadKhar, 2023) (Britannica, 2020). 
Due to the modular architecture of the flexible system (Festo, 2024), it allows for the further development of systems as new technologies are introduced. Machine learning is an emerging technology within this field that can give the machine autonomy over its operations depending on the input variables it detects (Rzevski, 1995). Camera systems can be used to change operating procedures and perform different tasks depending on what product they sense (Robson, 2024). This technology can support varying batch sizes to be produced efficiently. Large-scale runs to small custom orders can be handled with versatility and ensure that manufacturers can effectively meet demand regardless of order size (Kalpakjian & Schmid, 2014).

Flexible automation is also compatible with a range of smart sensors (Geng, 2004) that provide accurate data for monitoring processes. The manufacturing process can be enhanced by using concepts such as digital twinning. This is where a physical asset is replicated digitally, mirroring the physical machine's behaviours, performance, and features (VisualComponents, 2024) (TWI, 2024). Utilising simulations to test out new products beforehand can save substantial time and financial savings with the development, optimisation, and implementation of the system.
While the initial investment in flexible automation systems can be higher than fixed or programmable automation solutions, the long-term benefits are significant. These translate to reduced setup times, increased agility, and the ability to respond to market demands, contributing to cost-effectiveness and sustained competitiveness (Aggarwal, 2024) (Britannica, 2020).

Conclusion
This examination of fixed, programmable, and flexible automation demonstrates that each system is designed to approach a differing set of manufacturing needs and challenges.
Fixed automation is characterised by its efficiency and specificity in creating standardised products in mass production, where consistency and high output volume are paramount to success. However, its inflexibility limits its ability to adapt to changing production demands. (Bong, 2022)
Programmable automation provides the middle ground, providing more versatility than fixed automation through its ability to reprogram while maintaining efficiency. Programmable automation is best suited to environments with moderate customisation of working processes, and low to medium-production outputs are necessary. (BadKhar, 2023)
The strengths of flexible automation lie predominantly in its versatility, allowing for accommodating a diverse range of production variables. This is achieved through its ability to rapidly reconfigure its systems to suit emerging market needs, such as increasing or decreasing output. Its agility in this manner facilitates its ability to evolve, enhancing competitiveness within industries that require the ability to react dynamically. (Groover, 2024)






Furthermore, the development of flexible automated capabilities reflects a broader societal change in response to customisation, sustainability, and speed of availability of products. As consumer product preferences evolve, the demand for adaptable production systems intensifies. This necessitates manufacturers prioritising efficiency by investing in advanced technologies and restructuring their organisations to harness the full capabilities of flexible automation. (Jovane, et al., 2003)
This restructuring can lead to the displacement of human labour, which carries socioeconomic issues such as the loss of skills and industries. (Prettner & Bloom, 2020)(Nitzan & Rosen, 1976)However, it could be argued that this may be negated by the creation of new roles and the reduction in the need for humans to perform repetitive or dangerous tasks.
In conclusion, automation demonstrates the spectrum of possibilities achievable with modern manufacturing. As industries traverse an era of unprecedented change and complexity, their ability to adapt to different automated strategies will be essential for continuing to foster innovation.
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