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1. [bookmark: _Toc128761695][bookmark: _Toc132046492]Introduction
With automation becoming a necessity for manufacturing facilities, it is increasingly important to understand the principles of automation. This includes the history of automation which facilitated the development of many disciplines which themselves were born within their own industry. These industries acquired and adapted automation in response to demand and evolving surroundings. 
This report aims to cover flexible, programmable and flexible automation. The origins of these sub-groups will be compared, explaining the advantages and disadvantages of each and the settings in which they are used. Furthermore, these attributes will be used to justify the use of a particular form of automation for a given application. 

2. [bookmark: _Toc128761696][bookmark: _Toc132046493]A Brief History
The term automation became synonymous with production operation in 1946 by the Vice-President of Ford Motor Company, D.S.Harder. It referred to the movement of materials from one machine to another on it’s journey to becoming a finished part. Automation has since developed into a spectrum of sub-groups according to the industry type and product demand (Hitomi, 1996).
2.1. [bookmark: _Toc132046494]Fixed Automation
The use of machinery stretches back centuries, but some of the first forms of manufacturing automation came as fixed or hard automation (Kalpakjian and Schmid, 2013). This is derived from the need for the mass production of standard parts. These products are normally single components that will remain the same for the whole production run. One of the first adopters of fixed automation was Morris Motors in 1924 for the production of cylinder blocks at its engine plant in Oxford. This was in a form of a transfer line that machined different features into the cylinder block at each stage. Rather than electronic control, this line used a series of mechanisms to locate and detect the presence of the cylinder block before machining took place (Hitomi, 1996). Companies like General Motors used relays to control a sequence before the invention of Programmable Logic Controllers (PLCs) (Groover, 2010).
2.2. [bookmark: _Toc132046495]Programmable automation
With the development of smaller processors, automation soon accepted this new technology. One of the first uses of programmable automation, as we know it, was seen in 1954 in the form of a numerically-controlled (NC) machine prototype; based on an earlier machine used to machine helicopter rotors (Laszeray Technology, 2019). This system uses a combination of mechanical and computer technology performing functions as instructed in a readable format. Early on in its development, functionality was limited due to the lack of processing power and poor reliability, although this has improved (Kandray, 2010).
2.3. [bookmark: _Toc132046496]Flexible Automation
Flexible automation developed as an extension to programmable automation in the later in the 20th century (Kalpakjian and Schmid, 2013). The principle behind flexible automation was first devised in the 1950s by Jerome H. Lemelson with the use of a robot that could perform multiple function like riveting and welding (Hayes, 2022). With the development of programmable automation, flexible automation was first used in the 1970s for spot welding car bodies at General Motors (Hitomi, 1996 and Kalpakjian and Schmid, 2013).





3. [bookmark: _Toc132046497]Fixed Automation
Fixed automation was the earliest form of automation to emerge and works by connecting a series of processing machines using a material handling system. The machines are placed in order of production and caters for one product only (Hitomi, 1996). To change the product the line will be shut down in order to undergo changes in hardware. Changes can include the order of the stations, changing the tooling used by each of the stations or the handling hardware used on or between each station (Kalpakjian and Schmid, 2013). Given the principle of fixed automation, simple features can be created whilst being capable of mass production. Hence it is mostly used in mass production processes like injection moulding or food production as seen in Figure 1 (page 3) (Kandray, 2010). 
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The most basic fixed automation systems depend on hardwired or mechanical connections to operate. Electrically, relays are used extensively to create necessary sequences (Laszeray Technology, 2019). Mechanical systems use either a series of linkages or fluid power, see Figure 2 (page 3) to produce the desired effect. These systems use cascade circuitry, which uses the output of the previous stage as an input for the next. As a result, the equipment that normally contributes to these processes are inflexible themselves (Hitomi, 1996).
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Due to the simplicity of this automation type, only very basic operations can be performed. Complex parts require more stations or a more complex circuit to function (Groover, 2010). Given that and the dependence on physical components like relays or valves, the space required for a fixed automation system is relatively high compared to more compact systems like programmable and flexible automation systems (Kalpakjian and Schmid, 2013). The cost of rearranging or changing tooling remains high, so products must be produced in large numbers to justify the setup and maintenance of the process. These systems require less specialist knowledge to diagnose as issues are normally easily spotted and can be fixed by direct replacement of parts, although the machine may not be able to diagnose the fault itself (Hitomi, 1996).

4. [bookmark: _Toc132046498]Programmable Automation
With the advent of the mini-computers in the 1960s, a program could now manage the sequence and timings of an automated system.  A processor consults a programme and acts by sending signals to actuators to perform actions and, in turn, receives signals from switches. Equipment designed to be used with programmable systems (such as CNC milling machines) will be universal and support the quick changeover of tooling (Kandray, 2010). Programmable automation has been adapted for use in low volume and batch production runs (Hitomi, 1996). Given its inherent flexibility, it is better suited to factories where the product is to be changed in order to maximise its effectiveness (Kandray, 2010). 
A programmable automation system features a Central Processing Unit (CPU) that, shown in Figure 3 (page 4), connects the inputs from sensing units and output devices such as valves and other actuators. A programme is written that instructs the CPU on the outward signal that is required when it is presented with a signal from single from a sensor or a combination of sensing units (Kandray, 2010 and Hitomi, 1996). 
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An example of programmable automation is a Programmable Logic Controller (PLC). Using a programme in the form of ladder logic (seen in Figure 4 (page 4)), the controller receives inputs and sends output signals to electrical devices which produces an action or controls another sequence. PLCs are often used to control an entire manufacturing system rather than a single machine (Mandal, et al., 2016). Opposite to PCs, Computer Numerical Control (CNC) is often confined to a single machine such as a milling machine or lathe (Laszeray Technology, 2019). CNC machines derive a sequence of motions from programming in the form of a G-code (seen in Figure 4 (page 4)). An onboard computer reads the code to control multiple the servo system which controls the actuators. PLCs and CNCs can communicate, though it is limited and is complicated to establish (Kandray, 2010). Despite their differences, both are similar in that they perform functions, receive feedback through a number of sensors and act upon the information presented to them.
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As previously stated, the versatility of this process makes it suitable for factories that can produce products at a moderate speed and in high volumes (Laszeray Technology, 2019). Despite the time lost for reprogramming, corrections to a design can be made quickly and much cheaper compared to fixed automation (Groover, 2010).  This has the potential to make a business more dynamic, provided it is utilised fully to manufacture a variety of parts. However frequent maintenance is required and can be expensive. Even so, it can provide detailed diagnostic information should an error arise (Kandray, 2010). 
5. [bookmark: _Toc132046499]Flexible Automation
Flexible automation is capable of making a range of products in moderate to high volumes with little to no downtime for reprogramming or tool changes. With other methods, a particular setup is used until the run is complete, after which the program, tools or entire cells are rearranged to accommodate the new product. Whereas flexible automation, does not require downtime to make the necessary changes (El-Tamimi, et al., 2011). Equipment and robots detect changes using sensors or is instructed to accept a new product (Hayes, 2022). Equipment can automatically change tooling and sequences it uses. Changes take place multiple times within one production run to accommodate different products placed consecutively on the line (Kandray, 2010).
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A flexible automation system consists of multiple parts and incorporates different forms of automation (Hitomi, 1996). Shown in Figure 5 (page 5), processing machines utilise CNC technology to perform operations (Kalpakjian and Schmid, 2013) whilst material moving systems may function on a PLC (Mandal, et al., 2016). Therefore, a central computer is required to oversee and control local subsystems that form the processing and material handling of the system. The central computer will allow the correct CNC g-code and ladder logic to be downloaded onto the local computer or PLC (Groover, 2010). During operation, it collects information about the operation, sending messages to a Human-Machine Interface (HMI) when errors occur or provides condition monitoring for the entire system. SCADA (Supervisory Control and Data Acquisition) software is normally used for these activities (Watson and Tautz-Weinert, 2017).  Due to this central computer, flexible automation is able to provide such flexibility.
In the past, flexible automation was considered to be only suited for medium production rates (Hitomi, 1996). Better integration between the component systems means changeover can be achieved quicker than programmable automation. Whilst this doesn’t make flexible automation as fast as fixed automation systems, it is significantly faster than programmable automation systems (Kandray, 2010). Yet material handling systems and CNC machines will perform more movements per operation than fixed automation systems that are designed exclusively for a particular product which can increase the time spent per product (Hitomi, 1996). This physical flexibility translates into operation flexibility, working in tandem with the central computer to schedule and monitor operations (Groover, 2010). As a result, programmable automation surpasses fixed and flexible automation in terms of lead times for product batches or single/smaller quantities. These batches can be scheduled and produced within another continuous run or after a different batch to meet deadlines (Groover, 2010). Flexible automation has the added benefit of increasing the utilization of current machinery available to the company, reducing the number of machines and the floor-space required to produce the same products when compared to fixed automation systems (Groover, 2010).
Yet, the added cost of acquiring and connecting machines into a flexible manufacturing network makes flexible manufacturing unobtainable for smaller businesses (Groover, 2010). Those working around flexible automation are required to have sufficient knowledge to find and fix any faults on these systems (Control Freaks, 2020). There are many mechanical, electrical and computational facets that can malfunction, which is costly if the system is poorly designed or maintained (Mandal, et al., 2016).

6. [bookmark: _Toc132046500]Application
Traditionally, furniture has been created by hand, in a workshop containing one or more people working on a number of products at a time. This method of manufacturing allows for greater variation of products to suit the varying tastes and trends. However, the simplistic nature of the machines, tools and manual elements such as moving material and using hand tools means that lead times are very long (Hunter, et al., 2004). Although it can be argued accomplished craftspeople can produce furniture in a streamlined system; a traditional system is almost always surpassed by a well-designed automated process (Groover, 2010). As shown in Figure 6 (page 6), automated systems can be limited by their flexibility. As a result, there is a trade-off between the flexibility of a process and the volume that can be produced (Kalpakjian and Schmid, 2013).
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Given that there are a number of tastes held by different groups of people and trends are almost changing constantly (Hu, et al., 2017), it is apparent fixed automation is not suitable for producing flat-packed furniture. Given the consistent change in products, the cost of rearranging and acquiring product-specific tooling would be prohibitive.
Programmable automation becomes more favourable and capable of producing items with high variation. Yet, the immediate disadvantage to this is that the volume remains relatively low compared to fixed automation (Hitomi, 1996). Plus, for every new product to be introduced, the program set to each machine will need to be altered. This issue could be avoided if multiple machines are used in cells. This would allow multiple products to be created at once, but at a huge cost and increasing the facilities footprint.
However, flexible automation provides the balance between flexibility and the volume. Flexible automation is capable of producing the same parts repeatably or change the program to produce a single part or the same part with varying features (Groover, 2010). For Instance, AWL (2023) produces manufacturing cells capable of producing chair and table frames using automated pipe bending equipment. Robots move parts between stations for assembly and further processing. Another robot with a welding attachment joins the assembled chair or table parts, coordinated with automated work-holding devices. This would be expensive to implement but can be programmed to produce multiple parts that require the use of the existing equipment (Hayes, 2022). This shows flexible automation is limited to by the capability of the equipment itself.
To understand how flexible automation would be applied to manufacturing flat-packed furniture, the methods of manufacturing furniture need to be understood. The process starts with unprocessed board. Smardzewski (2015) states this could be solid wood, chipboard or plywood. For flexible manufacturing, a CNC router can be used for cutting operations. Using CNC technology and a high-speed tool head, a series of complex flat patterns can be created (Aktas, et al., 2020). Combining the programmability with a vision system. A vision system uses a single or multiple cameras to capture images of the product, forwarding the images onto a processor that interprets and converts the results into a command that is sent to the program controller to produce a reaction (Kalpakjian and Schmid, 2013). This can help the machine identify the correct style or colour of board to be used along with identifying and excluding areas which may contain defects. This has the added benefit of reducing waste and defects reaching the end user (Pham and Alcock, 1998).
In a traditional factory, the panels would be moved manually or over a set of rollers towards the next station (Hunter, et al., 2004). Using flexible automation, the pre-cut panels would be identified using a vision system attached to a robot that will move the panels onto the appropriate lines for further processing and finishing. The end effector that is used will be designed to lift panels of varying sizes but may be required to change for particular panels (Kalpakjian and Schmid, 2013). According to Kandray (2012), the central computer may be required to send instructions to the robot to reconfigure or change the end effector to handle the next panel.
Another process common to flat-packed furniture manufacture is edge-banding. This is the process of covering the edges of laminate chipboard with a heated plastic strip to conceal cut edges (Prak and Myers, 1981). One solution to this would be to use an automated edge bander similar to those supplied by Homag (2023). Another solution to repurpose existing edge banding equipment would be to use a robot or cobot to handle and pass the board through the machine (Kandray, 2010). The advantage to this is that existing equipment is used but requires additional automation to select and load the correct banding material. An automated machine can receive commands and load the correct banding for the upcoming board without additional hardware (Motion Design, 2023).
The final processes to take place in any manufacturing system is the packaging (Hunter, et al., 2004). Here, automation can perform multiple actions such as loading multiple boxes at once or larger panels into a single box using a universal end effector fitted to a robot as used by Ikea (AWL, 2023). Dedicated machines are also used for boxing parts such as the Fefco 40 packaging line that assembles the custom packaging, fills box with the panels of varying size and finally seals the box (Davidson, 2019). This provides the tailored setup that allows for a higher volume but allows for any size panels to be packaged within the physical constraints of the machine itself. This has the added benefit of packaging multiple assemblies within the same run (AWL, 2023).
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Figure 1: The mass production of same product means a lower unit cost (Control Freaks, 2020).
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Figure 2: A pneumatic cascade schematic diagram showing actuators and valves (Santos & Ferreira Da Silva, 2019)
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Figure 3: The basic functions of a PLC (left) (Mandal, et al,, 2016) and a CNC machine (right) (Ying, et al., 2016).
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Figure 4: Ladder logic programming for PLCs (Left) (Ladder logic World, 2021) and G-code programming for CNC machines (right) (Kandray,

2010)
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: A flexibly automated production line with five CNC machines and a materials handling system (Groover, 2010).
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: The flexibility of a conventional setup is unrivalled, but at the cost of productivity (Kalpakjian & Schmid, 2013).
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