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1. Introduction
[bookmark: _Int_2UglfPg2]The history of automation can be traced back as surprisingly far as 270BC, with the invention of a float regulator used for water clocks in Ptolemaic Egypt, a system not too dissimilar to the modern ball and cock system found inside a toilet tank[1]. With a vast breadth of history automation processes have evolved and been developed for over 2000 years and have become a common necessity in the manufacturing environment, owing to its ability to create and enlarge an increase in production speed and efficiency. This investigative report will take a look at the history and chronology of three main types of automation, fixed, programmable and flexible from the beginning of their entry into the manufacturing industry. Finding where these systems emerged and how they have changed through time into their modern counterparts. Delineating the advantages and disadvantages of each and deducing what their most relevant applications are.

2. Fixed Automation
[bookmark: _Int_cKMLXd95][bookmark: _Int_ao5uxiKN]2.1 Definition: Fixed Automation otherwise known as ‘hard’ automation can be defined as ‘the use of special purpose equipment to automate a fixed sequence of processing or assembly operations.’[2] Alternatively it can be described as, ‘an automated production facility in which the sequence of processing operations is fixed by the equipment configuration’[3].
[bookmark: _Int_G9qPs0tE][bookmark: _Int_VTBtTo50]Fixed Automation is used to complete repetitive fixed tasks repeatedly to achieve a high production rate. Designated employees will automate the processes and operations, by overseeing and maintaining machinery, and the order of operation is determined solely by the set-up of the equipment. The equipment cannot easily change order due to programmed commands being stored in the machines via gears, wires, and other miscellaneous Hardware that isn't easily changeable. Fixed automation requires a larger initial investment but makes up for that with higher production rates. This is preferable for products produced in high quantity[5].
[bookmark: _Int_j4Ea9Wrz]Examples of Fixed (Hard) Automation in manufacturing are, machining transfer lines, automatic assembly machines, material handling conveyor systems, and chemical manufacturing processes[3][15].
[bookmark: _Int_IikaVewv]Fixed Automation as a manufacturing process emerged from the evolution of the water mill. The first fully automated spinning flour mill invented by Richard Arkwright in 1771, marks the beginning of the history of fixed automation in manufacturing. The mill operated solely by driven waterpower and was originally known as the ‘water frame’. By 1785 Oliver Evans had turned the flour mill into a completely automatic process, rendering it the first entirely automated industrial manufacturing process[1]. Fixed Automation as it developed was more commonly later adopted into a manufacturing process in the automotive industry.

[image: ]
Figure 1. Automatic production line training system – production completed in a linear systematic line composed of individual assembly/production units.
Image via [4].

2.2 History and Chronology
[bookmark: _Int_vVr66OAK][bookmark: _Int_SnVedus5][bookmark: _Int_7nisiIZK]1913: The automated production moving assembly line was introduced by the Ford Motor Company at their Highland Park assembly plant becoming the first example of mass fixed automation in the manufacturing industry[5]. The assembly line worked by having each worker assigned one task in the assembly that they would continually repeat, as each car was pulled manually via rope (later becoming a chain mechanism) along the assembly line[6]. This concept was also then introduced into packing facilities[10]. 
[bookmark: _Int_im34zFcg]1924: Ingersoll builds the first machining transfer line – for the purpose of machining engine blocks automatically[16]. 
[bookmark: _Int_yGeWR2Dn]1939: In response to high demand for military hardware during the second World War assembly lines were employed and used to create over 300,000 planes by American aircraft manufacturers[7].

2.3 Advantages and Disadvantages
Advantages: 
· Greater potential ROI (Return on Investment)
· Quicker Retooling, (less downtime)
· Doesn’t require specialist programming knowledge
· Significantly fast build time
· Higher production rate
· Cheaper labour cost
Disadvantages:
· Lack of mobility for complex parts
· Specialist parts may not be producible, (tooling dependant)
· Not designed to account for a wide variety of tasks or setups
· Costly and time-consuming to modify.
Via [12][13]

3. Programmable Automation
3.1 Definition: Programmable Automation can be defined as ‘[…] a form of automation for producing products in batches. The products are made in batch quantities ranging from several dozen to several thousand units at a time. For each new batch, the production equipment must be reprogrammed and changed over to accommodate the new product style.’[3]
The main examples of Programmable Automation are numerical control machine tools and industrial robots. 
[image: ]
Figure 2. PLC operation block diagram – a PLC takes data and processes the output based on the commands of the programming terminal.

3.2 History and Chronology
1930: Process control introduced into industry via the invention of ‘on-off’ control[20].
1952: Richard Kegg invents the first CNC milling machine[22].
1958: Process control and automation adopts Solid-state digital logic modules for hard-wired programmed logic controllers[20]. 
1961: General Motors implements a robotic arm (the Unimate) into its assembly line – the first of its kind[8][9].
1969: Robotic developments improve with engineer Victor Scheinman creating the Stanford Arm, a 6-axis robot capable of moving and assembling parts in a repeated pattern continuously[8].
1969: The first PLC (Programmable Logic Controller) was built[19].
1971: Computer hardware becomes cheaper due to the invention of microprocessors[20].
[bookmark: _Int_c8u9mMU4]1973: Advancements in Robotics continue; ABB Robotics and KUKA Robotics enter the market[20].
[bookmark: _Int_7OfAxyy3]1997: 700,000 industrial robots currently on assembly lines worldwide[11].  
[bookmark: _Int_m2m0IBoj]2014: Approximately 1.5-million manufacturing robots in production lines worldwide[11].
2020: More than 3-million industrial manufacturing robots in production lines worldwide[11].

3.3 Advantages and Disadvantages
Advantages:
· Increased productivity and efficiency
· Greater quality of product
· Ease of integration
· Greater ROI
· Situational commanding
· Self-Governance 

Disadvantages:
· High initial investment
· Technology limitations
· Specialist engineers required (increased cost)
· Greater risk of failure (programming or otherwise)
· Potential for significant down time
· Greater risk of damage
· Lower production rate than fixed automation
Via [5][23][24]

4. Flexible Automation
[bookmark: _Int_TV2xSVC9][bookmark: _Int_dshQ7kaF]4.1 Definition: ‘Flexible automation (FA) is a type of manufacturing automation which exhibits some form of “flexibility”. Most commonly this flexibility is the capability of making different products in a short time frame. This “process flexibility” allows the production of different part types with overlapping life-cycles.’[28]
[bookmark: _Int_4vWfIcWl]The main application of Flexible Automation is for assembly line robot arms with detachable heads. (These can accommodate for tasks such as, drilling, sanding, welding, etc.)[30]
[image: ]
Figure 3. Flexible automation system operated by robots – the system due to be being non-linear has the flexibility to allow the robots to complete tasks in various orders and eliminate machine stations not needed for the production line.

4.2 History and Chronology
[bookmark: _Int_77N7b56o][bookmark: _Int_BIqaiXkd]1950s: Jerome H. Lemelson conceptualises flexible automation, filing a number of patients during the decade. Originally the design was for a robotic system that could convey, rivet, weld and inspect manufactured products[32].
[bookmark: _Int_pXq2IGK2]1965: The Sunstrand Corporation develops the first flexible manufacturing system which utilised eight NC machines and a computer automated roller conveyor[31].
[bookmark: _Int_6VvpLXID]1970s: Flexible manufacturing systems see an increase in popularity and implementation on factory floors[32].

4.3 Advantages and Disadvantages
Advantages:
· Increase in efficiency (fewer delays)
· Variety of successionally producible products
· Greater potential ROI (Return on Investment)
· Fewer employees needed.
Disadvantages:
· Requires longer to design the system.
· Harder to accommodate for future needs
· Increased labour costs (specialist technicians needed)
· Expensive to adapt machinery.
Via [32][33]

5. Control Systems and Process Variables
Fixed (Hard) Automation due to its established and generally unchangeable set-up may seem limited to few control systems. However, the nature of the automation being ‘fixed’ allows for systems that emphasise fluidity, practicality and efficiency. Its main manufacturing application is in assembly line processes, due to the high volume of work that can be completed in short spaces of time. This is a very attractive system to employers and investors as it minimises expenses and optimises production rate. To appropriately maintain these desirable outcomes the machinery would operate under a closed-loop system and implement logic control using PLCs embedded within the machinery itself. Through the use of sensors, triggering mechanical actuators, the machine operating in the manufacturing sequence would be able to receive commands when its task is ready to be undergone, there would also be further sensors along the belt of the assembly line that would allow the system as a whole to interpret what processes are pending, completed and in error (e.g. jammed)[17]. Using sensors and PLCs it would be possible to measure the speed of product production and the rate production rate of the assembly line. A more traditional open-loop Fixed Automation system would encounter a lot more difficulty as there is no way to correct for disturbance in the system.
Programmable Automation and Flexible Automation use mainly uses two types of control system, CNC (Computer Numerical Controlled) and PLC (Programmable Logic Controller). 
[bookmark: _Int_MtDysffM][bookmark: _Int_6HoSiUM9]A CNC is a digital device which operates a piece of machinery whilst it completes a series of complex actions on material feed to it by operating staff. CNCs will complete repeatable tasks frequently in a systematic manor, allowing for highly precise material manufacturing[25]. A CNC system utilises 3 different components, these are, instructions from schematics created by a CAD (Computer Assisted Design) program, which then will pass through the machine control unit to actuate the processing equipment (machine tool) to create the final product output[26]. 
[bookmark: _Int_yUuowC7X][bookmark: _Int_8j3lkoVo]A PLC is simply a small computer or microprocessor adapted for industrial use and is installed for the purpose of controlling the response and operation of manufacturing processes according to a set of pre-programmed actions[19]. The operation order of a PLC is as follows: the PLC will detect the condition of all devices connected to itself. It will using its assigned code execute commands based on the state of the input devices. Subsequently it will output commands to all output devices linked turning them either on or off[27].
Programmable Automation and Flexible Automation will be able to monitor and collect data that is far more precise than conventional means, it can collect any process variable that is also being interpreted virtually. Information such as temperature, state of a device, sensor data, input/output, speed, etc. Can all be collected and monitored via a microprocessor (PLC). In the case of any perceived error in the measurement system the value can be discounted as an anomaly and reconditioned. A PLC system would further be able to account for specific numbers of separate products being produced and able to interpret commands individually unlike fixed automation which would require ongoing set product production.
[bookmark: _Int_s6wxHVY2]For each of the three automation types all communication between the system will occur via a field bus communication network to create a cohesive and synchronised manufacturing system. 


6. Implementation of Flexible Automation into Flat-pack Manufacturing
[bookmark: _Int_izOfzRdT]In a flat-pack furniture factory and storage facility, it would be highly pertinent for the manufacturing system to be able to accommodate for numerous parts and products, due to the extensive range that retailers need to supply in order to run a competitive and successful business. Since this is a core need of the business it leaves flexible automation as the only realistic and viable option. Generally, flat pack furniture is made of either chipboard or MDF. These materials being relatively simplistic would allow them to be easily manufactured by an assembly line of CNC machines and industrial robots. Tasks for each of these robots and control units would be very simplistic owing to the ‘flat’ element of the furniture. The set up of the factory would ideally be a moving assembly line controlled by a number of PLC units each remotely communicating via an external computer on a fieldbus communication network, which would be overseen by a floor operator. The PLC units would receive commands based on the state of each part of the assembly line. Sensors along the conveyor belt would be used to identify whether parts have completed each stage of production and would act as a fail-safe if any area of the belt was ‘jammed’ by any particular part. To instruct the system on what to produce a CAD system would need to be employed, which would allow for manual input of products desired and produce them as such.
Each component used for production could begin assembly in one of two ways, either it could be pre-cut and held in an identifiable storage unit where it would be removed by a robot based on its need. Or each piece of material could be individually cut by a robot as the first stage of production. The former idea of having pre-cut material would require some external production via either robotically or manually, and each piece would need to be manually stored in preparation, depending on the number of pieces needed this may be more difficult and complicated to implement. Once cut the material would need to be marked by a sticker, which when scanned will identify which product it belongs to and which piece of that product it is. As a check and fail-safe this sticker would by scanned as it enters each stage of production to ensure that nothing has gone wrong and to update the robot on its specific task should a piece of material be manually removed from the assembly line before completion, this way the system can update the robots without having to shut down. This then further identifies each product as it is packed and ensure that duplicates do not enter into the box.
The use of a flexible automation system gives access through the CAD software to allow for changes or personalisation of products with an ease that isn’t afforded by programmable automation and that isn’t even possible with fixed. For all addition parts that come with the product, nuts, bolts, screws, etc. A storage system will be used to send out parts accordingly along a smaller conveyor belt which will distribute them into a small box, the system will use weight sensitive belts to be able to estimate how many parts and if the correct parts have been sent. This will have to account for a tolerance tending towards overweighing, as it will be more desirable for the customer and manufacturer that an extra screw or so is received than an incomplete product. 
Once all stages of the manufacturing are done and the product is packed the system can complete a final fail-safe check by using a weight sensitive removal area, which will check the weight of the product against the weight on the belt, the weight will be obtained and stored from the sticker. If there is any error the system will pause momentarily and notify the operator who will need to inspect and manually remove the box. The parts for each product will be stored manually into its appropriate box by factory floor staff. The weight will need to account for a small tolerance due to the stipulation in the additional parts. Using this system all potential faults will have been accounted for and the product will be manufactured robotically from raw material and sealed in its box ready for shipment. The simplicity of the parts required and the breadth of products desired would simply be unachievable in high-volume or an efficient manor using either programmable or fixed automation. This may be possible with programmable, but only if no issues arose and each desired part was known well before production began. Flexible production further allows for products to be produced based on created algorithms monitoring stock levels and demand. 
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