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[bookmark: _Toc464632025][bookmark: _Toc24731704]Introduction				
Since the stone age, manufacturing has existed in two main forms:
Subtractive; the removal of material from stock and formative; the use of moulds and to form shapes from soft material.

In 1964 Arthur C. Clarke described a “replicating machine” (Horizon Series 1 Episode 6 - "The Knowledge Explosion", 1964).  20 years later a UV sensitive polymer was used to layer a 3-dimensional model in a process now known as Vat Photopolymerization. The first true additive manufacturing process.

Today, additive manufacturing exists in 7 distinct subgroups, according to ASTM F42 – Additive Manufacturing. They are; Vat Polymerisation, Material Jetting, Binder Jetting, Powder Bed Fusion, Material Extrusion. Directed Energy Deposition and Sheet Lamination.

The process at a fundamental level is taking a 3-dimentional structure in software, slicing it horizontally to create many 2-dimensional cross sections and depositing a material layer by layer to replicate in real space.

Additive manufacture allows for parts that are impossible to manufacture by conventional means and allow for industries to optimise part geometry according to finite element analysis and create a “part within a part” structure. 

Some methods of additive manufacture require support structures to create overhanging features.  Which must be removed in post processing.

The future holds some exiting prospects for 3d printing including MARSHA (MARS HAbitat) which is a project to use Martian soil and material jetting techniques to create habitable space on Mars potentially years ahead of humans arriving on the surface. (Aispacefactory.com, 2019)
[bookmark: _GoBack]
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There are seven main types of additive manufacturing processes each with distinct sub-groups:

[bookmark: _Toc24731706]Vat Photopolymerisation

Named for the use of a liquid vat of photosensitive resin or polymer. Typically, a UV light source traces the 2d slice on the surface of the liquid, curing the surface. The platform moves downward, deeper into the vat so liquid naturally flows over the surface to create the next layer. Stereolithography (SLA) and Digital Light Processing (DLP) are examples of vat polymerization techniques. SLA uses a single UV laser to cure a resin whereas DLP uses a projector to cure an entire layer at a time. 

[bookmark: _Toc24731707]Advantages
High accuracy, reasonably quick compared with other methods, post processing can be kept to a minimum. 

[bookmark: _Toc24731708]Disadvantages
Removal of part from vat is time consuming. Parts require support structures for overhangs that must be removed. Photopolymers by their very nature are light sensitive and so finished parts can become brittle over time when exposed to sunlight. (3D Hubs, 2019) 
Tolerances and Resolution
Typical layer thickness for the process is 0.025 – 0.5mm (Lboro.ac.uk, 2019) whereas 
[bookmark: _Toc24731709]Material Jetting

Material jetting is functionally similar to inkjet printing. (3D Hubs, 2019) rather than ink being deposited onto paper, material is deposited from a print head in layers onto a downward moving bed, a UV light is used to cure the droplets as they are deposited. As there is no vat or rough of material, support structures must be built for printing complex geometry. However material jetting has the ability to use multiple materials during a single print. This unique ability means that support structures can be printed in a soluble material, the finished part can be soaked in a solvent, removing the support structures, leaving only finished parts behind.

[bookmark: _Toc24731710]Advantages
The most precise 3d printing technology, tolerances in region of +/- 0.025mm (technologies et al., 2019). Multi-material printing and speed.

[bookmark: _Toc24731711]Disadvantages
As the polymer is photosensitive, parts suffer from the same long term degradation as vat photopolymerization parts. Not suitable for functional parts and is only suitable for fit/form prototyping.
Tolerances and Resolution

[bookmark: _Toc24731712]Binder Jetting
Can be described as a hybrid between powder bed fusion and material jetting. Instead of a matrix being bound by a laser or external energy source a binder or glue is expelled from the print head to agglomerate powdered material together. 
[bookmark: _Toc24731713]Advantages
Materials not normally used for 3d printing can be used. Sand is one such example and can be created into large casting moulds that would otherwise require multiple manufacturing stages. Rapid prototyping of cast parts is a major advantage of binder jetting. Support structures are not required for this type of manufacture as the matrix support parts as they are formed.

[bookmark: _Toc24731714]Disadvantages
Significant post processing is required to take the weakly-bound and brittle piece into a useful part. For metals this may be sintering or bulk powders the addition of a penetrating binder.
Tolerances and Resolution



[bookmark: _Toc24731715]Powder Bed Fusion
This process is achieved by an energy source such as a laser sintering or agglomerating a fine powder according to the model cross section. The machine surface moves down a distance equal to the slice interval, a fine layer of material is pushed across the top surface and the laser can repeat for the next slice. Selective Laser Sintering (SLS) is the name given to techniques that form plastic parts. Direct Metal Laser Sintering (DMLS) is for metals. (Goodridge and Ziegelmeier, 2017)
[bookmark: _Toc24731716]Advantages
Can be used for metal part manufacture. Aerospace industries can produce previously impossible to manufacture shapes while using computer modelling to determine where weight savings can be made
[bookmark: _Toc24731717]Disadvantages
Parts will be produced with a rough and slightly porous surface that must be finished in post processing. Parts are frequently made over sized and brought into tolerance by conventional subtractive methods 
Tolerances and Resolution


[bookmark: _Toc24731718]Material Extrusion
Commonly known as Fused Deposition Modelling (FDM). A spool of thermoplastic wire is fed through a CNC controlled heated nozzle and layers of plastic are deposited where they cool before forming the next layer. (Nikhil, 2019)
[bookmark: _Toc24731719]Advantages
One of the cheapest methods of 3d printing available with machines available on the hobby market. Fast, parts can be made in hours for form/fit rapid prototyping.
[bookmark: _Toc24731720]Disadvantages
As the plastic cools in layers the binding between layers is such that material strength is greatly reduced in the vertical (as printed) direction. FDM suffers from low dimensional accuracy leading to visible layer lines that must be remove or finished in post processing. The anisotropic weakness makes these parts unsuitable for production runs of load bearing parts.
Tolerances and Resolution


[bookmark: _Toc24731721]Directed Energy Deposition
A form of additive manufacture that uses an energy source to melt the surface of material while powder is blown at the melt area with a nozzle. As with other methods the laser is most popular (Mmsonline.com, 2019) however other sources of energy such as plasma arc and electron beam can be used.

[bookmark: _Toc24731722]Advantages
Quicker than other energy-based methods as the next layer can start immediately without waiting for powder layers to be spread.
[bookmark: _Toc24731723]Disadvantages
Melt traverse speed is critical to finish and post processing is required for desirable surface finish.
Tolerances and Resolution


[bookmark: _Toc24731724]Sheet Lamination
Laminated Object Manufacturing (LOM) is a process where any flat sheet is cut to shape by a 2-dimensional method for example a laser cutter, sheets are subsequently adhered on top of each other to produce a 3-dimensional structure. (Lboro.ac.uk, 2019)
[bookmark: _Toc24731725]Advantages
Any flat medium can be used from sheets of paper to plastic and strip steel. As only the perimeter needs to be traced by the cutter rather than the entire cross section, speeds are much higher than other methods of additive manufacturing.
[bookmark: _Toc24731726]Disadvantages
Part strength is limited to the strength of the adhesive between layers
Tolerances and Resolution




[bookmark: _Toc464632027][bookmark: _Toc24731727]Conclusion
[bookmark: _Toc464632029][bookmark: _Toc24731729]Most sources agree that additive manufacturing suffers from a post processing vs speed of print problem. Increasing the resolution of the slice and reducing the slice thickness drastically increases print time. Further work is required for better post processing. Dissolution of support structures is fast but unsuitable for large parts.
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