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Research was initially conducted to identify the functional requirements of prosthetic limbs; it was identified that they must be comfortable, flexible and aesthetically realistic.  
Predominantly polymers are used to create prosthetics for their diverse properties such as being lightweight and easily formable as well as being low in cost. 
The manufacturing process used to produce prosthetics is plastic injection moulding, this has the advantage of being low in cost and efficient for high volumes however it was noted that this process is time consuming and output units all have to be identical which isn’t ideal for unique prosthetics.
Additive manufacturing is slowing being implemented into the medical industry in the form of materials extrusion. It has the ability to create bespoke products at a low cost without any assembly required, however little investigations have been carried out to assess how it affects the body so the materials used are limited. 
The concept of introducing smart materials into additive manufacturing was explored which provided opportunities for more realistic looking and feeling prosthetic products.
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The functional requirements of the selected component. 

A manufacturing process is a procedure developed and put in place to produce a component for a customer, a business will determine its specific manufacturing process based on the demand of a component, the desired quality and overall cost. 
Over the recent years with rapid technological advancements, manufacturing processes have evolved to become more time efficient and cost effective while maintaining a high-quality output.
One industry that has particularly evolved its manufacturing process over time is the medical industry. With demands higher than ever for more intricate components, the medical business has a bespoke manufacturing process to meet the needs of its consumers at the lowest possible price. 
Prosthetic limbs in particular have seen huge advancements in their manufacturing processes, these advancements include using modern plastics to produce a stronger, lighter product in place of heavier iron and wood components. There are also ambitions for further developments allowing the product to possess realistic features, such as, colour pigments replicating the appearance of skin and a new chemical make-up to enhance sensation.

It is essential that through these new manufacturing processes and technical advancements, that there is no reduction in the functionality of the component. If we look at joint prosthesis as an example, there are a number of design criteria that must be met and are listed below. No matter how the processes of creating a component is changed, this criterion must still be met as a basic requirement. 

1. 
2. Appropriate articulation
3. Good stability
4. Adequate strength
5. Good fixation
6. Correct choice of materials
7. Low friction forces
8. Acceptable wear rate
9. Good salvage potential 
10. Fail safe feature
11. Standardisation
12. Sterilisation
13. Cost effectiveness
14. Surgical instrumentation 
15. Relief of pain
16. Adequate function
17. Correction of deformity
18. Durability
19. Satisfactory salvage potential
20. Chemical passivity
21. Sterility
22. Appropriate size
In addition, the following, whilst not being essential, are desirable: 

23. Simple operative procedure
24. Minimal operative trauma
25. Early mobilisation
26. Not subcutaneous
27. Universality
28. Convenient packaging
29. Reasonable cost



(M. A. Elloy, 2009)
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The material which is currently used for production.

There are a number of materials currently used in the production of prosthetic units, these materials are a variety of man-made and natural materials. A number of materials are currently required due to the often specialist requirements of each product. 
(Michael J. Quigley, 2002)

The current manufacturing process for the production of prosthetic components (e.g. a prosthetic knee joint) uses plastic injection moulding for a standard assembly fabrication. This process provides basic capabilities such as mobility, lightweight and good stability. However, the current process creates identical components, meaning it is very difficult for them to be adapted, this creates a one size fits all situation, and given the uniqueness of the human body, can be problematic for the user. 
(Y.Kalyan Chakravathy, 2019)

For smaller prosthetic components, polymers are commonly used for their specialised properties. Different polymers can be used depending on the desired components function, polyoxymethylene (POM) is used for harder products, whereas polyurethane (PU) is used for more pliable products, poly vinyl chloride (PVC) is used as a thin coating layer.
(Mota, 2017)


Polymers are typically used to construct prosthetic components as they are strong, durable, mouldable and generally inexpensive. Depending on what prosthetic component is being created, a different polymer is used in the construction to suit the unit function. Higher density polymers will be used for stronger, more structural units whereas lower density polymers will be used for more flexible and softer units. 
(Michael J. Quigley, 2002)
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The manufacturing process currently used.

Prosthetic units are not usually mass produced, but individually made upon request which is initiated by a doctor. In order to meet the flexible needs of prosthetic function, the main unit is made up of multiple components which are casted in plaster before being made into a mould for plastic injection. In some occasions (but rarely) the units are custom made from start to finish. 

1. The Casting Process 
An impression is made of the residual limb out of the material plaster, this is selected as it is fast drying and picks up small details. From this impression the dimensions and shape are determined for the prosthetic product, a positive model (duplicate) can then be created.

2. Creating the Test Socket 
To create the socket a sheet of thermoplastic is heated to change shape and then vacuum-formed using the mould so that the sheet is now an identical structure to the mould. The thermoplastic used is transparent as it is a test; this structure will be used to ensure the fit is correct. 

3. Testing the Prototype 
On a temporary basis, a customer will use the test unit to assess its fit, comfortability and overall look, the test socket is adjusted to meet the customer’s needs.

4. Creating the Final Socket
Stage 2 is then repeated with the amended mould to produce the desired shape.

5. Manufacturing the Prothesis 
Predominantly plastic injection moulding is the manufacturing process selected to produce individual prosthetic components to later be assembled. Simply, this process injects molten plastic into the unreactive mould, that when cooled is removed from the mould, as a solid part. 

6. Assembly of the Main Prosthesis
The main unit is assembled by joining together all individual components. 
(Secrest, 2006)

The procedure plastic injection moulding is usually selected when a producer manufactures a high volume of the same product, for this reason the method is inexpensive, however, all products have to be identical so cannot be customised in any way. 
Depending on the size of the components and moulds, different equipment is required. Smaller pieces of equipment are used to create more intricate units, such as joints and digits, where larger equipment is used for larger undetailed units, such as limbs.
The shaping moulds used in plastic injection moulding, are high in cost however depending on the quality of the product required, the moulds can be used multiple times before they need to be replaced.
(Kho, 2019)

	Advantages of plastic injection moulding
	Disadvantages of plastic injection moulding

	Initial manufacturing costs are low.
	Impossible to create bespoke units.

	Raw materials are inexpensive, making it more affordable.
	Replacing moulds can be very expensive.

	Plastic properties are desirable such as lightweight and durable.
	High initial machinery costs.

	Plastic can be made to look more humanlike in texture.
	Not cost effective if low number of units are required.

	Large volume of components can be made in a short time period.
	Numerous pieces of equipment required to create unique products.

	Reuse the same design numerous times.
	Initial production is slow.

	No waste material.
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The additive manufacturing process with clear justification to why that process has been selected. 

Additive manufacturing, also known as 3D printing, describes the method where three dimensional objects are produced by the successive addition of materials. With recent technological advancements, the use of this manufacturing process is becoming more common. The product is made layer by layer based on a computer aided design model to produce a completely customisable output, there are no limitations to the shapes and sizes a 3D printed unit can be.  

There a various forms of 3D printing ranging from lasers reacting with powder to photopolymerization, however the additive manufacturing method selected for most prosthetic products is materials extrusion. With this method of manufacture, multiple materials in multiple shades can be used to create one component. Materials extrusion is a diverse form of additive manufacturing as the costs are very low, it works using the concept of fused deposition modelling which was developed in early 1990. 
It uses polymers in a semi-liquid state to build a component from bottom to top, layer by layer by depositing ultra-fine beads along the extrusion path as a result of heating and extruding thermoplastic filament.

A distinct advantage to using additive manufacturing in the prosthetic industry is that it’s unique range of materials can replicate the feel and appearance of skin, making the product look and feel more realistic. 

(N. Shahrubudin, 2019)
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The benefits which the new (additive) manufacturing processes would offer. 

	Advantages of Additive Manufacturing 
	Disadvantages of Additive Manufacturing

	High efficiency and accuracy in shape and detail
	Initial technology is expensive 

	Has the ability to replace, enhance and improve functions
	Some materials are untested so would need further investment before being implemented in the medical industry 

	Difficult geometrics can be made easily 
	

	Only one part is required (no assembly required)
	

	Low in cost 
	

	Lightweight 
	

	Can replicate the realistic feel and function of body parts to improve customer satisfaction 
	

	Parts are bespoke and can be easily customised
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The new build material and justification. 

An innovative material that could revolutionise the manufacture of prosthetics is smart material. Smart materials have the ability to change their geometry based on their external environment (e.g. temperature, light, electricity and chemicals) and dependant on what form of material is used it has a memory so can return to its original shape. 
This can be applied to prosthetic products in order to improve to realism of the units, joins will be able to contract and expand as if real to improve comfort and flexibility. 
 
(N. Shahrubudin, 2019)
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