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Introduction


We are drawn to the unknown, to uncovering secrets and to unearthing the unseen nature of the modern world – from childhood TV shows that peer through the windows of factories looking at lines of chocolate biscuits and milk bottles being made, to cottage industries that reveal to tourists the production methods of indigenous craftsman, even down to DVD ‘bonus features’ that entertain us with how filmmakers cheat reality with special effects. Designers in particular are constantly looking for new ways to transform both old and new technologies and to apply them within the design arena.


The invention of machines that are used to turn out two thousand light bulbs per minute or ultra-fine flexible fibre optic cables has always amazed me and how they came into being. What kind of creative mind would have conceived the process that requires hot, sticky, molten glass to be suspended from a tower and dropped at a slow rate, stretching into tubes of glass less than 1mm thick to create an optical glass fibre; or that contorts steel wire into the iconic Gem paper clip at a rate of 300 per minute; or the process that makes glass marbles with those swirly patterns of colour, each with its own pattern? But these uniquely formed products are each specific to their own production process and are for another book. Instead this book presents those methods that are relevant to the production of any given object, in a nutshell those that are relevant to industrial design.


Since the publication of the highly successful first edition of Making It there have been many innovations in the world of production, a selection of which has been added to this new updated edition. Some are highly specialized, such as electromagnetic forming, some are old methods re-evaluated, such as Industrial Origami®, and others combine two processes, such as Exjection®, a method of making that combines injection moulding and extrusion. There have also been some notable uses of established production methods, such as Marcel Wanders’ Sparkling Chair, which upscales injection blow moulding from the plastic bottle industry and applies it to the making of a piece of furniture.


There is a growing momentum for a more sustainable approach to design. In order to address the increasing importance of energy use, material scarcity and ethical production I have also added details that will give the reader an introduction to some of these complex areas and key points of consideration. In addition there is also a major new section on finishing techniques, as one of the most common ways is to innovate by colouring, painting, spraying, growing or adding functionality to a component. The chart on here provides an at-a-glance overview of major factors such as volumes of production and cost for each technique that will give the reader a straightforward comparison and quick reference guide to these key pieces of information.


As stated, the aim of this book is to explore the hidden side of objects within the context of industrial design. To peer into the world of machines and the often creative and inspired ways that they have been assembled to morph liquids, solids, sheets, powders and hunks of metal into three-dimensional products. To examine these pieces of theatre in a way that has not been presented before in a book. To try and communicate what is an inherent playfulness that is evident in mass production. To encourage the abduction of some of these methods by designers to make better products and to exploit production as part of the creative process rather than as a means to an end.


My intention was to take all the information that exists in technical manuals, trade journals and websites for associations and federations in the engineering sectors and to encapsulate it in a guide for the designer that would be a relevant introduction to the world of the manufactured object. In one sense to celebrate all the relevant methods of mass- and batch production for the three-dimensional object at this particularly important crossroads in the evolution of objects. This is a time when old ideas of manufacturing are being re-evaluated by the design industry and new possibilities are surfacing, which have the potential to alter dramatically the way we make, choose and consume our products. It used to be the case that design was the slave to manufacturing, restricting creativity, moulding constraints and costs. In many cases this is still true but increasingly manufacturing is seen as a tool for designing new opportunities to bring new materials and ideas to new methods of production, and to experiment with preconceived volumes of production.


Some of the examples featured in this book reflect a stage of development where the new tools of designers and makers are not physical tools but factory set-ups. Take, for example, Malcolm Jordan’s Curvy Composites, a degree-show design project that resulted in a completely new way of forming wood. I couldn’t resist also including some of the more offbeat processes that perhaps don’t really fit into the realm of the mass-produced object but help point the way to a new direction, ideas that take a type of industrial production and combine it with a craft-like approach, projects that take small-scale, widely available machines and reuse them.


Before the Industrial Revolution the crafting of objects was often influenced by surrounding geography. Ceramics, for example, were designed and made in areas where there was an abundance of clay, such as Stoke-On-Trent in the north-west of England, the birthplace of Wedgwood and countless other ceramics factories. Places with large areas of woodland often had communities that specialized in furniture production. Skills and materials came from specific local resources. The global economy has had consequences for local resources and has often destroyed communities, but now technology is taking production back to the small-scale craft user and placing it in the hands of the consumer. Sometimes this is intentional and driven by new products and technology; at other times it is driven by people abducting machines and using them for something for which they were not intended. The adaptation of the humble inkjet printer for rapid prototyping is one such example.


The reuse of this type of product or technology is a vital part of evolution: experimenting, mixing things up and swapping them around, turning existing conventions on their head. Our insatiable appetite for making things races ahead at full speed. But if the old tools of craftsmanship were hand tools for shaping materials then the new tools of the craftsman are the machines. For under £100 you can buy an inkjet printer, take out the guts and start playing with the workings, and use CAD-driven data to produce a whole range of new things. When people first started making ‘things’ they picked a lump of wood, understood its properties to a certain degree and were able to chop it into a usable product. For some, the lump of wood has become the inkjet printer, a piece of technology that has been chopped up and generally messed about with to create a multitude of products.


Possibly one of the most unusual technologies of this kind is that which has been developed by various teams of scientists across the world using ‘modified inkjet printers’ to build up living tissue. Based on the long-held knowledge that when placed next to one another, cells will weld together, the tissue is built up using a thermo-reversible gel as a kind of scaffolding over each cell. A team from the Medical University of South Carolina uses this gel as a way to support the cells as they are being distributed. This gel is interesting in itself, designed to change instantly from liquid to gel in response to a stimulus such as increase in temperature. This would allow tissue to be placed inside the body supported by the gel; the gel would then dissolve.


The core of this book, however, deals with mass-production techniques, some well established, others very new. In order for these tools to be used, they need to be understood in all their forms and to be presented in a manner that is relevant to design, stimulating ideas and allowing for new creative connections to be made, connections that could provoke the re-appropriation of a technology into a new area or industry. The structure and layout of this book are straightforward and allow for a casual toe-dipping into the world of the manufactured object, hopefully to inform and inspire a fresh look and a greater understanding of the backstage arena of the world of consumerism.


How to use this book


The book is divided into sections based on the shapes of components that can be produced with each process. It does not set out to answer all the questions you might ever need to know about these methods but does provide a clear and basic introduction, using a combination of text, illustrations and photographs of the products. The visual explanations provided in the diagrams serve to encapsulate the principles of the process and the steps that go into making a final component. They are not meant to be accurate drawings of the machines.


The text for each feature is broken down into two main forms to provide a summary of the particular process and a secondary list of the key points that relate to the process.


Pros and cons


These are bullet-pointed notes that summarise each production method to provide a quick guide to key features.


Volumes of production


This explains the range of unit volumes that different methods are capable of, from one-off rapid prototyping to single production runs in the hundreds of thousands.


Unit price vs capital investment


One of the main criteria for specifying a particular method of production is knowing the initial investment that is required. This can vary enormously from plastic forming methods, such as the various forms of injection moulding, which potentially can run into tens of thousands of pounds, to CAD-driven methods, which require no tooling and minimal set-up costs.


Speed


Speed is an important factor in understanding the scale of production and how many units can be produced over a period of time. If, for example, you want to make 10,000 glass bottles, then the automated glass blow moulding process, which can produce 5,000 pieces per hour, is not for you, as the set-up and tooling would prohibit such a short production time on the machines.


Surface


This briefly describes the type of surface finish that you can expect from a particular process. Again this can vary enormously and indicates whether a part would need a secondary process in order to arrive at a finished part.


Types/complexity of shape


This offers guidance on any restrictions that will affect the shape of the component and any design details to consider.


Scale


This gives an indication of the scale of the products that can be produced from the particular process. Sometimes this can offer some surprising facts, for example some metal spinners can spin metal sheets up to 3.5 metres (11½ feet) in diameter.


Tolerances


The degree of accuracy that a process is capable of achieving is often determined by the material. Machine-cut metals or injection-moulded plastics, for example, are capable of highly controlled tolerances. Certain ceramic processes, on the other hand, are much less able to achieve precise finished dimensions. This section gives examples of this accuracy.


Relevant materials


This is a list of the types and range of materials that can be formed with the featured process.


Typical products


A list of products and industries that typically utilise the method of production, the word ‘typically’ has to be emphasised as the list is not exhaustive but gives sufficient examples to help explain the process.


Similar methods


This provides a key to other processes featured in the book that might be looked at as an alternative form of production to the one featured.


Sustainability issues


A very brief overview of some of the key points that fall into the area of sustainability. This will allow the reader to make more informed decisions on areas such as energy use, toxic chemicals and material wastage.


Further information


This lists web resources to visit for further information. These include contributors to the book. Any relevant associations, where available, are also listed.










Comparing Processes


The chart that runs over the next few pages will enable you to compare different processes and evaluate which is best for your own product. Processes are listed according to chapter type and in the same order as they appear in the relevant chapter. See the chapter entry for further detail.






	Key:


	
* = low


** = mid


*** = high



	Cost of capital investment


	Number of components produced per hour


	Quality of surface finish


	Type of shape


	Size


	Degree of tolerance


	Relevant materials







	1. Cut from Solid







	Machining


	*


	* / **


	***


	Solid complex


	S, M, L


	***


	Wood, metal, plastic. glass, ceramics







	Computer Numerical Controlled (CNC) Cutting


	*


	* / **


	***


	Solid complex. Any shape that can be produced on CAD


	S, M, L


	***


	Virtually any material







	Electron-Beam Machining (EBM) temperatures


	**


	*


	*


	Solid complex. Any shape that can be produced on CAD


	S, M


	***


	Virtually any material (high melting slow down process)







	Turning


	*


	* / **


	**


	Symmetrical


	S, M


	
*** (metal)


** (other)



	Ceramic, wood, metal, plastic







	Jiggering and Jollying


	*


	** / ***


	***


	Solid


	S, M


	*


	Ceramic







	Plasma-Arc Cutting


	*


	** / ***


	*** (edge surface finish)


	Sheet


	S, M, L


	**


	Electrically conductive metal







	 







	2. Sheet







	Chemical Milling


	*


	***


	**


	Sheet


	S, M


	***


	Metal







	Die Cutting


	**


	**


	** (edge surface finish)


	Sheet


	S, M


	***


	Plastic







	Water-Jet Cutting


	*


	* / **


	** (edge surface finish)


	Sheet


	S, M, L


	**


	Glass, metal, plastic, ceramic, stone, marble







	Wire Electrical Discharge Machining (EDM)


	*


	* / **


	**


	Sheet


	S, M, L


	***


	Conductive metal







	Laser Cutting


	*


	* / **


	** (wood) / *** (metal)


	Sheet


	S, M


	***


	Metal, wood, plastic, paper, ceramic, glass







	Oxyacetylene Cutting


	*


	**


	**


	Sheet


	S, M, L


	**


	Ferrous metals, titanium







	Sheet-Metal Forming


	** / ***


	* / **


	*


	Sheet


	S, M, L


	**


	Metal







	Slumping Glass


	***


	*


	***


	Sheet


	S, M, L


	*


	Glass







	Electromagnetic Steel Forming


	***


	***


	***


	Sheet


	 


	***


	Magnetic metals







	Metal Spinning


	**


	* / **


	*


	Sheet


	S, M, L


	*


	Metal







	Metal Cutting


	**


	***


	*


	Sheet


	S, M, L


	***


	Metal







	Industrial Origami®


	* / ** / ***


	* / ** / ***


	***


	Sheet / Complex


	S, M, L


	***


	Metal, plastic, composites







	Thermoforming


	* / ** / ***


	* / ** / ***


	** (depends on mould)


	Sheet


	S, M, L


	**


	Thermoplastics







	Explosive Forming


	**


	* / ** / ***


	**


	Complex


	S, M, L


	***


	Metal







	Superforming Aluminium


	***


	**


	***


	Sheet / Complex


	S, M, L


	**


	Superelastic aluminium







	Free Internal Pressure-Formed Steel


	*


	**


	**


	Hollow


	M, L


	*


	Metal







	Inflating Metal


	*


	**


	***


	Sheet


	S, M, L


	***


	Metal, plastic







	Bending Plywood


	** / ***


	* / ** / ***


	* / ** / *** (depends on wood)


	Sheet


	M, L


	*


	Wood







	Deep Three-Dimensional Forming in Plywood


	***


	***


	*


	Sheet


	S, M


	*


	Wood veneer







	Pressed Plywood


	**


	*


	***


	Sheet


	S, M


	N/A


	Wood veneer












	Key:


	
* = low


** = mid


*** = high



	Cost of capital investment


	Number of components produced per hour


	Quality of surface finish


	Type of shape


	Size


	Degree of tolerance


	Relevant materials







	3. Continuous







	Calendering


	***


	***


	***


	Sheet


	L


	N/A


	Textile, composite, plastic, paper







	Blown Film


	***


	***


	***


	Sheet / Tube


	L


	***


	LDPE, HDPE, PP







	Exjection®


	***


	***


	***


	Continuous / Complex


	S, M, L


	***


	Wood, plastic, metals







	Extrusion


	*


	*


	***


	Sheet / Complex / Continuous


	M, L


	***


	Plastic, wood-based plastic, composites, aluminium, copper, ceramic







	Pultrusion


	**


	*


	**


	Any shape of constant thickness


	S, M, L


	***


	Any thermoset plastic combined with glass and carbon fibre







	Pulshaping™


	**


	***


	**


	Variety of extruded cross sections, continuous


	L


	***


	Thermosetting resins with glass, carbon or aramid fibre







	Roll Forming


	***


	***


	***


	Sheet


	M, L


	** / *** (depends on thickness)


	Metal, glass, plastic







	Rotary Swaging


	*


	** / ***


	***


	Tube


	S, M


	**


	Ductile metals







	Pre-Crimp Weaving


	*


	* / ** / ***


	**


	Sheet


	M, L


	N/A


	Any weavable alloy, mainly stainless or galvanised steel







	Veneer Cutting


	N/A


	N/A


	**


	Sheet / Continuous


	M, L


	N/A


	Wood







	 







	4. Thin & Hollow







	Glass Blowing by Hand


	* / ** / ***


	* / **


	***


	Any


	S


	*


	Glass







	Lampworking Glass Tubes


	*


	* / ** / ***


	***


	Symmetrical


	S, M


	*


	Borosilicate glass







	Glass Blow and Blow Moulding


	***


	** / ***


	***


	Simple forms


	S, M


	*


	Glass







	Glass Press and Blow Moulding


	***


	** / ***


	***


	Simple forms


	S, M


	**


	Glass







	Plastic Blow Moulding


	***


	***


	*** (parting lines remain)


	Simple rounded forms


	S, M, L


	***


	HDPE, PE, PET, VC







	Injection Blow Moulding


	***


	***


	***


	Simple forms


	S


	***


	PC, PET, PE







	Extrusion Blow Moulding


	***


	*


	***


	Complex


	S, M


	**


	PP, PE, PET, PVC







	Dip Moulding


	*


	** / ***


	*


	Soft, flexible, simple forms


	S, M


	*


	PVC, latex, polyurethanes, elastomers, silicones







	Rotational Moulding


	**


	** / ***


	**


	Any


	S, M, L


	*


	PE, ABS, PC, NA, PP, PS







	Slip Casting


	* / ** (depends on number of components)


	* / ** / ***


	**


	Ranging from simple


	S, M to complex


	*


	Ceramic







	Hydroforming Metal


	***


	***


	* / ** (depends on material)


	Tube, T-sections


	S, M, L


	***


	Metal







	Backward Impact Extrusion


	*


	* / **


	**


	Symmetrical


	S, M


	***


	Metal







	Moulding Pulp


	***


	***


	*


	Complex


	S, M, L


	** / *** (depends on process)


	Paper: newspaper and cardboard







	Contact Moulding


	***


	*


	** / *** (depends on method)


	Open, thin cross-sections


	S


	*


	Carbon, aramid, glass and natural fibres, thermosetting resin







	Vacuum Infusion Process (VIP)


	**


	*


	***


	Complex


	M, L


	*


	Resin, fibreglass







	Autoclave Moulding


	**


	**


	* / ** (if gel is applied)


	Simple


	S, M, L


	*


	Fibre and thermoset polymers







	Filament Winding


	*


	* / ** / ***


	** (finishing required)


	Hollow, symmetrical


	L


	***


	Fibre and thermoset polymers







	Centrifugal Casting


	* / ** / *** (depends on mould material)


	* / **


	* / ** (depends on process)


	Tubular


	S, M, L


	*** (depends on process)


	Metal, glass, plastic







	Electroforming


	*


	*


	***


	Complex


	S, M, L


	***


	Electroplatable alloys












	Key:


	
* = low


** = mid


*** = high



	Cost of capital investment


	Number of components produced per hour


	Quality of surface finish


	Type of shape


	Size


	Degree of tolerance


	Relevant materials







	5. Into Solid







	Sintering


	** / ***


	**


	***


	Complex / Solid


	S, M


	**


	Ceramic, glass, metal, plastic







	Hot Isostatic Pressing (HIP)


	**


	*


	***


	Complex / Solid


	S, M, L


	**


	Ceramic, metal, plastic







	Cold Isostatic Pressing (CIP)


	**


	*


	**


	Complex / Solid


	S, M


	**


	Ceramic, metal







	Compression Moulding


	**


	***


	***


	Solid


	S


	**


	Ceramic, plastic







	Transfer Moulding


	** / ***


	***


	***


	Complex / Solid


	M, L


	***


	Composite, thermoset plastics







	Foam Moulding


	***


	***


	*


	Complex / Solid


	S, M, L


	**


	Plastic







	Foam Moulding into Plywood Shell


	**


	**


	N/A


	Solid


	M, L


	**


	Wood, plastic







	Inflated Wood


	*


	*


	N/A


	Solid


	M, L


	**


	Wood, plastic







	Forging


	* / ** / ***


	* / ** / ***


	*


	Solid


	S, M, L


	*


	Metal







	Powder Forging


	***


	** / ***


	**


	Complex / Solid


	S, M, L


	**


	Metal







	Precise-Cast Prototyping (pcPRO®)


	*


	*


	*


	Complex / Solid


	S


	***


	Plastic







	 







	6. Complex







	Injection Moulding


	***


	***


	***


	Complex


	S, M


	***


	Plastic







	Reaction Injection Moulding (RIM)


	***


	**


	***


	Complex


	S, M, L


	***


	Plastic







	Gas-Assisted Injection Moulding


	***


	***


	***


	Complex / Solid


	S, M, L


	***


	Plastic







	MuCell® Injection Moulding


	***


	***


	***


	Complex


	S, M, L


	***


	Plastic







	Insert Moulding


	***


	***


	***


	Complex


	S, M


	***


	Plastic, metal, composite







	Multi-Shot Injection Moulding


	***


	***


	***


	Complex


	S, M


	***


	Plastic







	In-Mould Decoration


	***


	***


	***


	Complex


	S, M


	***


	Plastic, metal, composite







	Over-Mould Decoration


	***


	***


	***


	Complex


	S, M


	***


	Plastic, metal, composite







	Metal Injection Moulding (MIM)


	***


	**


	***


	Complex


	S, M


	***


	Metal







	High-Pressure Die-Casting


	***


	***


	***


	Complex


	S, M, L


	***


	Metal







	Ceramic Injection Moulding


	***


	**


	***


	Complex


	S, M


	***


	Ceramic







	Investment Casting


	***


	**


	***


	Complex


	S, M, L


	***


	Metal







	Sand Casting


	*


	**


	*


	Complex


	S, M, L


	*


	Metal







	Pressed Glass


	**


	***


	**


	Hollow


	S, M, L


	***


	Glass







	Pressure-Assisted Slip Casting


	***


	***


	***


	Hollow


	S, M, L


	**


	Ceramic







	Viscous Plastic Processing (VPP)


	***


	***


	***


	Complex


	S, M, L


	**


	Ceramic







	 







	7. Advanced







	Inkjet Printing


	*


	*


	**


	Sheet


	S


	***


	Other







	Paper-Based Rapid Prototyping


	*


	*


	*


	Complex


	S


	***


	Other







	Contour Crafting


	*


	*


	*


	Complex


	L


	***


	Ceramic, composite







	Stereolithography (SLA)


	*


	*


	*


	Complex


	S, M


	***


	Plastic







	Electroforming for Micro-Moulds


	*


	***


	***


	Flat


	S


	***


	Plastic







	Selective Laser Sintering (SLS)


	*


	*


	*


	Complex


	S, M


	***


	Metals, plastics







	Smart Mandrels™ for Filament Winding


	**


	*


	N/A


	Hollow


	S, M, L


	**


	Plastic







	Incremental Sheet-Metal Forming


	*


	**


	***


	Sheet


	S, M, L


	*


	Metal







	3D Knitting


	*


	***


	N/A


	Complex


	S, M


	**


	Yarns







	Digital Light Synthesis


	*


	**


	***


	Complex


	S, M


	***


	Various plastics







	FDM with active materials


	*


	*


	*


	Complex


	S, M


	***


	Various plastics







	Multi Jet Fusion


	*


	*


	**


	Complex


	S, M


	***


	PA12







	Multi-jet Printing


	*


	*


	***


	Complex


	S, M


	***


	Photocurable plastic resin or casting wax







	Rapid Liquid Printing


	*


	*


	*


	Complex


	S, M


	***


	Bio resin
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Cut from Solid


The use of cutting tools to sculpt materials


This chapter encompasses some of the oldest processes used in the manufacture of objects, and these processes can be quite simply categorised by the fact that they use tools that cut away, shape and remove material. Increasingly, the ‘brutal’ part of these processes is being performed by automated CAD-driven machines, which carve effortlessly through most materials, providing yet another avenue for the exploitation of rapid prototyping technology and the replacement of the craftsman who gave life to many products throughout history.





 


 


 


Machining


Computer Numerical Controlled (CNC) Cutting


Electron-Beam Machining (EBM)


Turning


Jiggering and Jollying


Plasma-Arc Cutting






Machining


including turning, boring, facing, drilling, reaming, milling and broaching
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	Product


	Mini MagliteÆ torch







	Designer


	Anthony Maglica







	Materials


	aluminium







	Manufacturer


	Maglite Instruments Inc.







	Country


	USA







	Date


	1979








The MagliteÆ torch, with its highly distinctive engineered aesthetic, has been produced using a number of metal chip-forming techniques, notably turning. The textured pattern for the grip, however, is produced post forming using a process known as knurling.


Machining belongs to a branch of production that falls under the commonly used umbrella term ‘chip-forming’ (meaning any cutting technique that produces ‘chips’ of material as a result of the cut). All machining processes have in common the fact that they involve cutting in one form or another. Machining is also used as a post-forming method, as a finishing method and for adding secondary details such as threads.


The term ‘machining’ itself embraces many different processes. These include several forms of lathe operation for cutting metals, such as turning, boring, facing and threading, all of which involve a cutter being brought to the surface of the rotating material. Turning (see also here) generally refers to cutting the outside surface, while boring refers to cutting an internal cavity. Facing uses the cutter to cut into the flat end of the rotating work piece. It is used to clean up the end face, but the same tool can be used to remove excess material. Threading is a process that uses a sharp, serrated tool to create screw threads in a pre-drilled hole.




[image: ]


1 A very simple set-up for milling a chunk of metal. The cutting tool, which resembles a flat drill bit, can be seen fitted above the clamped work piece.







[image: ]


2 A straightforward set-up for a lathe operation in which the tube of metal to be cut is clamped into a chuck. The cutter is poised ready to make a cut.





Drilling and reaming are generally also lathe operations (though they can also be done on a milling machine, or by hand), but they require different cutters. As with all lathe operations, the work piece is clamped in the centre of a rotating chuck. Whereas drilling is a straight-forward operation to create a hole, reaming involves enlarging an existing hole to a smooth finish, which is done with a special reaming tool that has several cutting edges.


Other machining processes include milling and broaching. Milling involves a rotating cutter, similar to a drill, which is often used to cut into a metal surface (though it can be applied to just about any other solid material). Broaching is a process used to create holes, slots and other complex internal features (such as the internal shape of a spanner head, after it has been forged, see here).
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Volumes of production


These vary according to type, but computer numerical control (CNC)-automated milling and turning production involves several cutters working on several parts at the same time, which can result in reasonably high volumes of production. This large collection of techniques also includes hand machining of individual components.


Unit price vs capital investment


In general, there are no tooling costs involved, but the mounting and unmounting of work from the machine reduces production rates. However, the process can still be economical for short runs. CNC-automated milling and turning use CAD files to automate the process and produce complex shapes, which can be batched or mass-produced. Although standard cutters can be used for most jobs, specific cutters may need to be produced, which would drive up overall costs.


Speed


Varies depending on the specific process.


Surface


Machining involves polishing, to a degree, and it is possible to achieve excellent results without the need for post forming. Cutters can also produce engineered, ultra-flat surfaces.


Types/complexity of shape


Work produced on a lathe dictates that parts are axisymmetric, since the work piece is rotated around a fixed centre. Milled parts start life as a block of metal and allow for much more complex components to be formed.


Scale


Machined components range in size from watch components up to large-scale turbines.


Tolerances


Machined materials can deliver exceptionally high levels of tolerance: ±0.01 millimetre (½ 500 inch) is normal.


Relevant materials


Machining is generally applied to metals, but plastics, glass, wood and even ceramics also make use of the machining process. In the case of ceramics, there are certain glass ceramics that are specifically designed to be machined and allow for new forms of processing ceramics. Macor is a particularly well-known brand. Mycalex, a glass-bonded mica by the US-based company Mykroy, is another machinable ceramic that eliminates the need for firing.


Typical products


Unique parts for industry – pistons, screws, turbines and a mass of other small and large parts for different industries. Alloy car wheels are often put on a lathe to finish the surface.


Similar methods


The term ‘machining’ encompasses such a wide set of processes that it is a family of methods in itself, but you could consider dynamic lathing (here) as an alternative to conventional lathing.


Sustainability issues


These processes are based only on mechanical energy and no heat so energy consumption is low. However, because the nature of these processes is the removal of material, a lot of waste is created. Depending on the material, waste can be reused or recycled.


Further information


www.pma.org


www.nims-skills.org


www.khake.com/page88.html
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– Very versatile in terms of producing different shapes.


– Can be applied to virtually any solid material.


– High degree of accuracy.
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– Can be slow.


– Parts can be restricted to the stock sizes of material used.


– Low material utilisation due to wastage when cutting.






Computer Numerical Controlled (CNC) Cutting
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	Product


	Cinderella table







	Designer


	Jeroen Verhoeven







	Materials


	Finnish birch plywood







	Manufacturer


	Demakersvan







	Country


	Holland







	Date


	2004








The surreal construction and shape of this table from the ‘Cinderella’ range fits perfectly with the manufacturer’s belief that high-tech machines are our hidden Cinderellas. The table is a witty play on traditional, romantic furniture made using a thoroughly modern manufacturing process.


The way computer numerical controlled (CNC) machines effortlessly cut through solid materials as if they were butter is almost sublime. The cutting heads are mounted onto a head that rotates in up to six axes, to chisel different forms as if they were automated robotic sculptors.


Designed by Jeroen Verhoeven, a member of the Dutch design group Demakersvan, the piece of furniture featured here is as multi-layered in meaning as it is in its construction. As Demakersvan puts it, ‘The big miracle of how industrial products come about is a wonderful phenomenon if you look at it closely. The high-tech machines are our hidden Cinderellas. We make them work in robot lines, while they can be so much more.’
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1 The individual sheets of cut plywood are clamped together before being machined.







[image: ]


2 View showing the machined internal structure before the external surface is cut.





This thought is put into practice in the production of its Cinderella table (pictured). The table is made up of 57 layers of birch multiplex, which are individually cut, glued and then cut again with a CNC machine. The table exemplifies perfectly the ability of multi-axis CNC machines to carve away at three-dimensional forms in a highly intricate manner, using information from a CAD file. It is also a unique example of a totally new form: created from an ancient material in a process that can cut virtually any shape from a piece of material, this table goes some way to reveal what Demakersvan describes as the ‘secrets hidden in high-tech production techniques’.
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A cutter slowly cuts into the surface of generally solid materials in the X, Y and Z axis.
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Volumes of production


CNC cutting is best suited to one-off or batch production because of the slow progress rate.


Unit price vs capital investment


No tooling, just the expensive time for cutting and the creation, using CAD, of the three-dimensional data.


Speed


The speed is determined by several factors, including the material, the complexity of the form and the surface finish that is required.


Surface


Good, but may require some post finishing, depending on the material.


Types/complexity of shape


Virtually any shape that can be conceived on a computer screen.


Scale


From small components to huge objects. CNC Auto Motion in the US, for example, is one of several companies manufacturing monster-sized machines having over 15 metres (50 feet) of travel, with 3 metres (10 feet) of vertical-axis travel and a gantry measuring 6 metres (20 feet) across.


Tolerances


High.


Relevant materials


CNC technology can be used for cutting a wide range of materials, including wood, metal, plastic, granite and marble. It can also be used for cutting foam and modelling clay (see typical products).


Typical products


Ideally suited for making complex bespoke designs such as injection-moulding tools, die cutters, furniture components and the highly crafted, complex forms of handrails. It can also be used, in automotive design studios, for rapid prototyping of full-size cars in foam or modelling clay.


Similar methods


Laser cutting (here) when the laser is mounted on a multi-axis head is possibly the closest method.


Sustainability issues


As the machines have excellent accuracy the amount of wastage produced as a result of faulty parts or errors is minimal. Additionally, the layout of parts to be cut can be designed effectively so that there is minimal excess material. Depending on the material, waste can be reused or recycled.


Further information


www.demakersvan.com


www.haldeneuk.com


www.cncmotion.com


www.tarus.com
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– Can be used on virtually any material.


– Designs can be cut straight from CAD files.


– Highly adaptable for cutting intricate and complex shapes.
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– Not suited to high-volume production.


– Can be slow.






Electron-Beam Machining (EBM)
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	Product


	customised tri-flange implants







	Materials


	titanium







	Country


	Sweden







	Date


	2005








This titanium hip-bone plate illustrates the spattered surface that is a common result of this process.


Electron-Beam Machining (EBM) is a versatile process that is used to cut, weld, drill or anneal components. As a machining process, one of its many advantages is that ultra-fine cuts can be made with such high precision that they can be measured in microns. EBM involves a high-energy beam of electrons being focused by a lens and fired at extremely high speeds (between 50 and 80 per cent of the speed of light) onto a specific area of the component, causing the material to heat up, melt and vaporise. The process needs to occur in a vacuum chamber to ensure that the electrons are not disrupted and thrown off course by air molecules.
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Volumes of production


Suited to one-off or batch production.


Unit price vs capital investment


Low capital investment as there are no tooling costs because the pattern is driven by a CAD file. However, the electron-beam equipment itself is very expensive.


Speed


The beam of electrons moves at a very high velocity, so cutting speeds are fast. For example, a hole of up to 125 microns in diameter can be cut almost instantly in a sheet 1.25 millimetres (½ 0 inch) thick. Naturally, the type of material and its thickness affects the cycle time. In order to make a 100-millimetre- (4-inch-) wide slot in a piece of stainless steel 0.175 millimetres (1/150 inch) thick, cutting will occur at a rate of 50 millimetres (2 inches) per minute. The implant (shown opposite) took four hours to produce.


Surface


The process can cause various surface markings that, depending on the application, might not be desirable, such as spattering close to the cut.


Types/complexity of shape


The process is ideally suited to cutting fine lines of holes in thin materials. The beam can be focused to 10 to 200 microns, which means that costs are justified by an extremely high degree of accuracy.


Scale


The disadvantage of using a vacuum chamber is that part sizes are limited.


Tolerances


Extremely high, with cuts as fine as 10 microns possible. With materials over 0.13 millimetres (1/200 inch) thick, the cut will have a fine, two-degree taper.


Relevant materials


Virtually any material, although materials that have high melting temperatures slow down the process.


Typical products


Apart from engineering applications and the medical implant shown here, one of the more interesting uses for EBM is for joining carbon nanotubes. Joining anything on the nano-scale is difficult, but because there is no contact with the material, EBM provides a method of joining the tubes together in a way that does not crush them.


Similar methods


Laser cutting (here) and plasma-arc cutting (here).


Sustainability issues


Very high amounts of energy are consumed to power the beam at such intensity and speeds. However, the versatility of electron-beam machining ensures that this energy is used effectively, as several processes can be carried out in one cycle. Additionally, as there is no contact with the material being cut, there is minimal damage or wear to the machine, which decreases material consumption through maintenance.


Further information


www.arcam.com


www.sodick.de
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– Highly accurate.


– There is no contact with the material being cut, so it therefore requires minimal clamping.


– Can be used for small batches.


– Versatile: a single tool can cut, weld and/or anneal at the same time.
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– A disadvantage compared with laser cutting (see here) is that it requires a vacuum chamber.


– Laser cutting can be just as effective for less accurate machining.


– High energy consumption.






Turning
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	Product


	pestle







	Materials


	ceramic stoneware, with wooden handle







	Manufacturer


	Wade Ceramics







	Country


	UK








The turning process has been used for both parts of this pestle, the wooden handle and the ceramic grinder head.


The process of mounting a material on a spinning wheel and skimming off thin slices is thousands of years old. The commonly used material for turning is wood, but ‘green’ ceramic is also highly popular for industrially producing the same types of round, symmetrical shape.


In ceramic turning, a clay is blended into a ceramic body and extruded into something called a ‘pug’. This leather-hard, clay lump is mounted onto a lathe and turned, either by hand or with an automated cutter.
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1 The mortar bowl is being turned by hand, using a profiled metal tool to achieve a precise profile.
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2 A ceramic pestle being finished using a flat smoothing tool.





Although it appears to be still in the research phase, there is also an evolution of turning called dynamic lathing for producing non-axisymmetric metal parts for engineering applications, without the need to remove and replace the component manually. Shapes are defined by a CAD programme and fed directly to a lathe that allows the cutter to move up and down in the lateral axis.
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Volumes of production


From single pieces upwards. The costs of tooling and set-up for a single piece can be prohibitive, but this depends on specific requirements. For large quantities, an automated process may be required. The dynamic lathe is currently still in its infancy and is best suited to small production runs or one-offs.


Unit price vs capital investment


Depends on volume, but low in comparison to other ceramic production methods, such as hot or cold isostatic pressing (see here and here) and slip casting (see here). In the dynamic lathe method there is no tooling, which obviously keeps costs down.


Speed


Depends on the product. As an example, a simple candlestick will take 45 seconds, a mortar 1 minute and a pestle 50 seconds. The relationship between the length and depth of the cut in the dynamic-lathe technique determines the speed at which parts can be made. The more peaks with larger depths there are, the slower the process is.


Surface


Fine surface, but dependent on the material (for example, the wooden handle is less fine than the ceramic head of the pestle shown here).


Types/complexity of shape


Restricted to symmetrical shapes. Dynamic lathes are a marked improvement on conventional turning on a metalwork lathe, and can produce far more complex parts than might traditionally have been made by casting.


Scale


A standard maximum size, as produced by Wade Ceramics in the UK, for example, is 350 millimetres (13¾ inches) in diameter by 600 millimetres (23½ inches) in length. A maximum length of 300 millimetres (13¾ inches) with a maximum working diameter of 350 millimetres (13¾ inches) is possible with the dynamic-lathe method.


Tolerances


Tolerance ±2 per cent or 0.2 millimetres (1/125 inch), whichever is the greater. However, this is higher when cutting metal on a lathe, especially if using CNC (computer numerical control). For dynamic lathe the tolerance is ±1 millimetre (½ 5 inch).


Relevant materials


Ceramics and wood are common materials for turning, however just about any solid material can be cut in this way. Most metals and plastics can be used for the dynamic-lathe process, although hard carbon steels can be problematic.


Typical products


Bowls, plates, door handles, pestles, ceramic electrical insulators and furniture.


Similar methods


For ceramics, a similar type of rotating set-up is used in both jiggering and jollying (here).


Sustainability issues


The process is based on the removal of material to leave a three-dimensional form and therefore results in high quantities of wasted material. Depending on the material this may or may not be recyclable.


Further information


www.wade.co.uk







[image: ]


– Low- or high-volume production runs.


– Can be used for a range of materials.


– Can have low tooling costs.


– Dynamic-lathe process allows non-round shapes to be cut in a single lathe operation.
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– In standard turning, parts are limited to circular profiles.


– In the dynamic-lathe process, the surface finish is compromised by the depth of cut and the number of peaks, both of which also contribute to a reduction in speed.






Jiggering and Jollying
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	Product


	WedgwoodÆ plate







	Materials


	bone china







	Manufacturer


	WedgwoodÆ







	Country


	UK







	Date


	1920








This classic design from the WedgwoodÆ stable is produced using jiggering, a process that has altered little since the foundation of Josiah Wedgwood’s pottery in 1759, except for the introduction of electricity to power the wheel. Turn any such plate upside down and you see the shape of the cutting profile used to scrape away the clay.


Jiggering and jollying are two profoundly silly words that describe similar methods for the mass-production of ceramic hollow shapes, such as bowls, or flatter shapes, such as plates. The easiest way to get a sense of these methods is to think of hand throwing on a potter’s wheel, but turned into an industrial process where the craftsman’s hands are replaced by a profiled cutter, which scrapes the clay as it rotates on the wheel. In jiggering, the mould determines the internal form of the shape while the cutter forms the outer shape, while in jollying the cutter forms the inner shape.
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1 A slug of clay is placed on a spreader.
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2 A flat profile forms it into an even ‘bat’.
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3 The bat is transferred by hand from the spreader.
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4 Manual placement of the bat onto the mould.
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5 The profiled head, closely supervised, acts against the rotating bat to scrape away the clay.
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6 Typical of the sort of flat shape produced by jiggering, these soup bowls are now ready for firing.





Jollying is employed to make deep shapes, the first stage of which involves extruding a clay slug that is cut into discs and used to form liners. These are like clay cups that are formed to be of similar proportions to the final piece. The liners are placed inside the cup moulds, which are fitted to a rotating spindle on the jollying wheel. This is where the similarity to hand throwing comes in. On the rotating spindle, the clay is drawn up the inside of the mould, forming the wall. A profiled head is then brought down into the cup to scrape away the clay and form the finished and precise inside profile.
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1 A rough disc (liner) is pressed into a deep mould.
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2 A profiled head spreads the liner evenly around the inside of the rotating mould.
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3 Hand finishing of the outer surface, the side that was in contact with the mould.





Jiggering is a very similar process to jollying but is used to form shallow rather than deep shapes. It works in an inside-out way to jollying, because the shaped profile cuts the outside surface rather than the inside. Again, a slug of clay is formed and placed over a rotating mould, known as a ‘spreader’. Here, it is formed into an even thickness by a flat profile. This thick pancake, which is known as a ‘bat’, is removed and placed onto the plate mould. The mould forms the inside shape of the plate. The whole thing rotates and a profile is brought down to scrape away the external side of the clay and form a precise, uniform outside shape.
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Volumes of production


Can be used for both batched and mass-production. Many of the big potteries use these methods as a standard way of producing bowls and plates.


Unit price vs capital investment


Affordable tooling for batch production. The process can also be used for small runs of handmade production.


Speed


Jollying produces an average of eight pieces per minute, jiggering an average of four units per minute.


Surface


The surface finish is such that the products can be glazed and fired without any intermediate finishing.


Types/complexity of shape


Compared with slip casting (see here), where the detail on the inside wall of a piece is totally dependent on the outside form, these two processes allow total control over both the inside and outside profiles individually.


Scale


The standard size for machine-made dinner plates is up to a fired diameter of approximately 30 centimetres (12 inches).


Tolerances


± 2 millimetres (1/12 inch).


Relevant materials


All types of ceramic.


Typical products


Both methods are principally used for producing tableware and are distinguished by the depth of the shapes they produce. Jollying is used to make products such as pots, cups and bowls, which are generally deep containers, while jiggering is used to make shallow items such as plates, saucers and shallow bowls.


Similar methods


Apart from using a potter’s wheel, the closest ceramic alternative to jiggering and jollying is turning (here), which can be used to make symmetrical shapes and different profiles without a large investment in tooling (although it requires a more complex set-up). Alternative methods also include cold and hot isostatic pressing (here and here) and pressure-assisted slip casting (here).


Sustainability issues


The excess clay that is removed from the mould can be reused, which reduces overall material consumption. Firing the clay at high temperatures is very energy intensive, while the initial forming is not. However, several hundred pieces can be fired in a single kiln to make the most efficient use of energy.


Further information


www.wades.co.uk


www.royaldoulton.com


www.wedgwood.co.uk
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– Allows complete control of the thicknesses and shapes of sections.


– Can be more cost-effective than slip casting (see here).


– Less prone to distortion than cast pots.
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– Can be inaccurate due to shrinkage during firing.


– Because these processes both work on the potter’s-wheel principle, they are only able to produce symmetrical parts.






Plasma-Arc Cutting
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This shows the heavy, industrial nature of this particular cutting method. The tube is rotated around the central axis to allow for a short length to be removed.





‘Men in overalls wearing dark view-control helmets’ is perhaps all I need to say to sum up this process. Along with oxyacetylene cutting (see here), plasma-arc cutting lives in the land of heavy industry, and it is part of the non-chip-forming branch of production known as thermal cutting. It works by means of a stream of ionised gas, which becomes so hot that it will literally vaporise the metal that is being cut.


The process takes its name from the term ‘plasma’, which is what a gas turns into when it is heated to a very high level. It involves a stream of gas – usually nitrogen, argon, or oxygen – being sent through a small channel at the centre of a nozzle, which at its heart contains a negatively charged electrode. The combination of power supplied to this electrode, and contact between the tip of the nozzle and the metal being cut, results in a circuit being created. This produces a powerful spark, the arc, between the electrode and the metal work piece, which heats the gas to its plasma state. The arc can reach temperatures as high as 27,800°C (50,000°F) and it therefore melts the metal as the nozzle passes over it.


The cutting line width, known as the ‘kerf’, needs to be considered when designing certain shapes because its thickness can range from 1 to 4 millimetres (1/25 to 1/6 inch), depending on the thickness of the metal plate, and can affect the dimensions of the component.




Plasma-arc Cutting




[image: ]


A stream of pressurised, super-hot ionised gas flows through a tiny water-cooled nozzle at high speed, forming an arc of plasma between the electrode and the positively charged metal part that is being cut. The work piece is thus melted and oxidised by an exothermic reaction.
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Volumes of production


Plasma-arc cutting is an economical process for small-batch quantities because it can be performed without tooling.


Unit price vs capital investment


Unless a cutting template is introduced, the process does not require tooling. In the automated process, the information for the shape is provided by CAD files.


Speed


There is generally very little set-up time involved, but the speed is greatly affected by the type of material and its thickness. For example, to cut a 25-millimetre (1-inch) chunk of steel, 300 millimetres (12 inches) long, will take about 1 minute, whereas a 2-millimetre (1/12-inch) piece can be cut at a rate of 2,400 millimetres (94 inches) per minute.


Surface


Even when hard stainless steel is used, the process provides smooth, clean edges with better results than those produced by oxyacetylene cutting (see here). The cutting can also be controlled to produce different grades of surface, depending on the cost versus the edge quality – that is, longer cutting times equal better edge finish.


Types/complexity of shape


The process is best suited to heavy-gauge materials. Thin-gauge metals of below 8 millimetres (3/8 inch) may distort as a result of the process, as may thin and narrow sections. As in all sheet-cutting operations, nesting one shape within another (as when you make biscuits and cut them as close as possible to make the most of the rolled dough) results in an economical use of the material.


Scale


Handheld cutting means there is no maximum size. Sheets thinner than about 8 millimetres (3/8 inch) may distort.


Tolerances


Depend on the thickness of the material, but, to give a basic idea, it is possible to keep tolerance to ±1.5 millimetres (1/17 inch) for sheet materials 6–35 millimetres (¼ to 13/8 inches) thick.


Relevant materials


Any electrically conductive metallic material, but most commonly stainless steel and aluminium. The process becomes more difficult the higher the carbon content of the steel.


Typical products


Heavy construction, including shipbuilding and machine components.


Similar methods


Electron-beam machining (EBM) (here), oxyacetylene cutting (here), laser (here) and water-jet cutting (here).


Sustainability issues


One of the most energy-intensive processes around, plasma-arc cutting requires extreme heat and pressure for the gas to achieve cutting strength. Because shapes can sometimes be cut from sheets there is also a high amount of material wastage.


Further information


www.aws.org


www.twi.org.uk/j32k/index.xtp


www.iiw-iis.org


www.hypertherm.com


www.centricut.com
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– Can be either a manual or an automated process.


– Suited to thick sheets.


– Can be used on a larger range of metals than is possible with oxyacetylene cutting.
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– Not suitable for sheets less than 2 millimetres (1/12 inch) thick.
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Sheet


Components that start life as a sheet of material


Within the last fifteen years or so, there has been a surge in the number of products made from sheet material. Maybe this is because the starting point is a pre-prepared material, which goes some way in reducing the production costs. Maybe it is also the cost-effectiveness of die-cutting tools, or even the absence of any tooling costs for processes such as chemical milling. But, on a mass-market level, the die cutting of a plastic such as polypropylene has led to a wealth of new packaging, lighting and even larger-scale furniture. Perhaps it is also the ability of these materials to be cut by a manufacturer and handfolded and assembled by the consumer that has created an appeal.
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