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[bookmark: _Toc40822064]Introduction 
This report will review two non-traditional manufacturing methods - 3D printing and stereolithography. It will look at how they work, their engineering applications, benefits of their use, their limitations, and what materials they can work with. It will also compare the two, as they are both additive manufacturing processes that can produce similar parts.
The report will also look at self-healing materials and how some common variations work, then look at self-healing concrete in more detail.

[bookmark: _Toc40822065]Discussion
[bookmark: _Toc40822066]3D Printing
[bookmark: _Toc40822067]What is 3D Printing?
3D printing could refer to any additive manufacturing process which produces parts layer by layer from a CAD file, but it usually refers to Fused Deposition Modelling (FDM). This is where a CAD design is converted to an STL file and is then split into layers of 0.127mm to 0.5mm. Plastic filaments are then melted and printed through a nozzle one layer at a time, creating the part (Stratasys Direct Manufacturing, 2020) (Sculpteo, 2020).
FDM was initially popular for rapidly prototyping parts, as the materials are inexpensive and turn-around is much faster compared to traditional manufacture methods. It has recently become a tool for hobbyists and the consumer markets as a key part of the ‘maker movement’, and as the technology has improved and broadened it is now becoming accepted as a legitimate manufacturing process.

[bookmark: _Toc40822068]Material Capabilities and Limitations
Desktop printers usually print in filaments of polymers such as Polylytic Acid (PLA) and Acrylonitrile Butadiene Styrene (ABS). These can cost £15 to £40 per kg, which is expensive relative to steel, but this is often outweighed by the money saved through the reductions in lead time in the design phase. These materials are brittle so their uses in engineering applications are limited, but they are also available infused with dust or grains of other materials. Carbon fibres can be added to increase strength, wood fibres can alter the look and feel of a part, metal grit can alter weight and other mechanical properties, and a huge range of pigments can be added to colour the filament. 
As the part are built from bottom up, sometimes supports need to be incorporated to the design for overhangs or surfaces near to horizontal. These can either be made from the same material as the part and trimmed later, or from PVA or HIPS filaments which are dissolvable and can be washed away post-production. (Baguley, 2017)
The low strengths of parts made through 3D printing aren’t so much due to the material’s structures on a nano-scale, but more a result of the sip-planes resultant from the layered material on a macro-scale, because the layers aren’t chemically bonded together. This means that part strength is dependant on its orientation when being manufactured and in relation to the forces on it, an issue known an anisotropy. These layers also mean the surface quality can be poor but sanding post-production fixes this.
[bookmark: _Toc40822069]Uses and Benefits
As well as reducing lead time and costs, FDM reduces environmentally-damaging and time-consuming supply chains (Gahren, 2018). As long as the part has been designed considering manufacture, there is no user input once the print has started, and it a zero-tooling operation (Stratasys Direct Manufacturing, 2020). They also use very little power and the desktop printers are small and reliable. This has meant they have become useful in crisis-response and humanitarian causes, used by charities to make essential parts like water supply line joints and umbilical-cord clamps, and even being used to make face shields during the COVID-19 outbreak (Gahren, 2018). The devices need minimal training and no PPE to operate as well.
[image: ][image: ]3D printing has also been the focus of a lot of medical research, and recently human body parts have been successfully printed, with stem cells or biological compounds incorporated into biopolymers allowing ears and heart valves being made, as shown in Figures 1 and 2. (Manu S Mannoor, 2012)    
Figures 1 and 1 - 3D printed ear and heart valve (Manu S Mannoor, 2012)


[bookmark: _Toc40822070]Stereolithography
[bookmark: _Toc40822071]What is Stereolithography?
Stereolithography also produces parts from CAD files one layer at a time, but it does so by projecting a UV or near-UV beam onto a photopolymer resin, solidifying it. (Stratasys Direct Manufacturing, 2020). There are variations of how they do this – larger industrial machines have a build platform that sits in a container of resin with the beam above it, then as each layer is printed, the build platform drops into the resin further, with a ‘re-coater blade’ ensuring the part is covered by the right depth of liquid. Most desktop SLA machines have a container with a clear window at the bottom, through which the beam projects the shape upwards onto the downward-facing platform. In most variations, the beam only part-cures the resin part, which then must be washed and fully hardened in an UV oven, saving printer time.
The UV beam is either projected as an image all in one frame or it is deflected by mirrors which are very accurate, meaning SLA is considered to be the most accurate additive manufacturing process, also giving great resolution and the ability to print complex and fine details (Malcolm Nicholls Ltd, 2020).

[bookmark: _Toc40822072]Material Capabilities and Limitations
The resinous polymers that are available for SLA are very similar to those used in FDM, with many variations for a range of different properties. However, as they are photocurable, they are susceptible to distortion through long-term exposure to daylight which would shorten their life-span, but paint finishes can protect against this. The most common resins are brittle as well, though tougher or more flexible alternatives are available.
Some resins are available with ceramic mixed in, giving better stiffness, hardness and thermal stability, but there are no metal options (Latouche, 2020).

[bookmark: _Toc40822073]Uses and Benefits
In contrast to FDM, SLA produces parts that are highly isotropic, so even though parts are often as brittle as in FDM, they are stronger from all angles. This is because the bonds are formed inside each layer during each print layer, then the semi-reacted inter-layer areas form strong covalent bonds in the final UV oven cure, as demonstrated in Figures 3 and 4. (Formlabs, 2020)
[image: ][image: SLA printed parts are highly isotropic compared to those produced with fused deposition modeling (FDM).]        Figure 2 – FDM Close-up (Formlabs, 2020) 		           Figure 3 – SLA Close-up (Formlabs, 2020)
This lack of layer differentiation mean that surface finish is also much better once support points are sanded down, around as good as injection moulding. Combined with SLA’s dimensional accuracy and its ability to make parts with honeycomb interiors and solid walls, it is a preferred method for making moulds for pattern and mould making. Resins which produce no residue or ash allow it to be used in investment casting, and it is often used to make a mould for use with vacuum casting, where a small run of parts are made as direct copies of the original SLA-made part.


[bookmark: _Toc40822074]Self-Healing Materials
[bookmark: _Toc40822075]Self-Healing Materials in General
The ability for materials to heal themselves would extend their lifetimes, reduce costs incurred from replacing them and improve product safety, and because of this, self-healing materials have been researched greatly over the past few decades (Brahim Aissa, 2012). Polymers have seen most of the advancements as they have been the most promising, but metals and concrete have also been developed with self-healing capabilities.
If two pieces of the same thermoplastic which are above their glass transition temperature are in contact, then the interface between them merges due to molecular diffusion, so the two pieces become almost as strong as it would if it were one part. Due to their innate chain mobility, this means that within the right temperature range, cracks in thermoplastics will fill themselves because the point where the two faces separate will merge work towards the outside edge (Brahim Aissa, 2012).
Thermosetting plastics have interconnecting bonds between polymers, so lack this chain mobility. As a result, most of the self-healing variations of thermosets involve the microencapsulation of healing agents and catalysts. The brittle vessels for these break when bent, and the cracks are filled through capillary action (Brahim Aissa, 2012). Hollow glass fibres are often used as reinforcement in composites, and these can also be used as microcapsules for healing agents in the same way (Brahim Aissa, 2012).
For fatigue cracks, shape-memory alloys can be used to slow or close the cracks, as when heated above their transition temperature they contract with a relatively large force – this is only possible when both ends are secure (Brahim Aissa, 2012). The same concept has also been used on a nano-scale, with SMA-infused matrix materials microencapsulated.
Solder has been used widely as a healing-agent for aluminium, either microencapsulated or as a surface coating. When damaged, the part can be melted above the solder’s melting point (which is significantly lower than aluminium’s), and the solder will disperse into any cracks or voids (Blazej Grabowski, 2016).

[bookmark: _Toc40822076]Self-Healing Concrete
Concrete is a vital material in construction globally, but its low tensile strength mean it consistently cracks over time. These cracks can be caused by many things, but they often allow the ingress of water which accelerates the concrete’s deterioration – so a lot of research has been done finding a material to stop this.
One solution uses bacteria which feeds on urea in the concrete and through a series of chemical reactions converts it to calcium carbonate, which precipitates on the cell wall of the bacteria, as in Figure 5 (Kunamineni Vijay, 2017). This can either be done by directly mixing the right bacteria into the mix in a way that protects it, or by microencapsulating it so that the capsules break and release the bacteria when a crack or void forms.
[image: ]The microencapsulation method means that cracks of a maximum depth of 35mm can be filled, and the direct application of the bacteria into the mix can heal cracks of 27.2mm. As well as this, the added calcium carbonate means that the compressive strength of the concrete was also improved by as much as 40%, and the filling of pores and voids in the concrete means that water permeability is also reduced, further extending the life of the material. (Kunamineni Vijay, 2017)Figure 5 - Calcium Carbonate Precipitating on the Cell Wall  (Kunamineni Vijay, 2017)











[bookmark: _Toc40822077]Conclusions 
Additive manufacturing is a very exciting and fast-developing area, and FDM is at the forefront of its image due to its accessibility, low cost, ease of use and time savings. It is a useful tool for proving concepts and testing prototypes, but its general engineering applications are limited due to the low isotropy. Despite this, it is subject to further technological research and developments.
Stereolithography has much better resolution, complexity, isotropy, and surface finish than FDM, and as such has become adopted as part of other manufacturing methods. However, it has fewer material options and is less popular with the consumer market.
Self-healing materials have been the subject of lots of research recently, and advancements made are progressing to the point that there are now several self-healing materials available for engineering use with many variations of each. Polymer-based materials seem the most feasible for widespread use in the long-term, though ceramic, metal and concrete all have self-healing versions at varying stages of development.
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