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	Materials and Introduction to Manufacturing – Standard Method of Production of Prosthetic Limps Against Production using Additive Manufacturing Techniques. 



Introduction 
For this report I will be discussing the standard method of manufacturing for prosthetic limbs. I will be looking closely at how they are manufactured and all the various manufacturing methods that are used for each component that makes up the limb. I will look at the different types of materials that are currently used in manufacturing each component and the reasoning behind this. I will also discuss the functional requirements that need to be fulfilled to make a prosthetic limb. 
Given the limitations I believe that come with the standard method of manufacturing prosthetic limbs, I will then look at alternative methods of production. For this report I will discuss in depth the use of an additive manufacturing method 3D printing as an alternative method. I will give reasons for my justification of believing this is a superior method of manufacturing, detailing key benefits that come with the use of additive manufacturing methods. Finally, I will discuss materials that can be used within 3D printing and the benefits that come with the use of different materials. 
The Issue
A person can lose a limb for a variety of different reasons, many are born with birth defects that can lead to having a limb amputated and some are also born missing a limb. There are other reasons like conditions such as atherosclerosis or diabetes that can result in amputation, some are then the result of traumatic injuries. In cases like these amputees can be given artificial or prosthetic limbs so they can perform daily activities like walking, eating or dressing. Prosthetics are designed to allow the amputee to function nearly as well as an able-bodied person. 
The demand for prosthetics is increasingly growing every year, a recent statistic stated “There are more than 1 million annual limb amputations globally -—one every 30 seconds” (K, 2014). This means globally the current market for prosthetics is growing larger. Diseases are one of the main contributing factors to the ever-growing amputee rate, a recent statistic also stated: “Among those living with limb loss, the main causes are vascular disease (54%) – including diabetes and peripheral arterial disease – trauma (45%) and cancer (less than 2%)” (K, 2014). Diseases like diabetes can also sometimes result in the loss of both limbs, “Of persons with diabetes who have a lower extremity amputation, up to 55% will require amputation of the second leg within 2‐3 year” (Pandian G, 1998). One of the main issues I wanted to look at is the cost implication the current way of manufacturing presents, given the global issue many third world countries amputees are simply outpriced when it comes to having prosthetic limbs. Statistics show in America alone “hospital costs associated with amputation totaled more than $8.3 billion” (HCUP Nationwide Inparient Sample, 2009) this is astronomical when you realize this is more than the net worth of many third world countries. 
Current Manufacturing Process
The current process to manufacture and produce prosthetic limbs is extremely and expensive and is also very time consuming, the American Prostheses Association stated:
“the average prosthetic costs between $1,500 to $8,000. This expense is often paid out of pocket rather than covered by insurance. By contrast, a 3D printed prosthetic costs as little as $50!” (Reidel, 2017)
This online report shows the difficulties many American amputees are faced with. The financial implications however in the UK are not put on the amputee as our privatised healthcare system will pay most of the associated costs:
“NHS limb centers in England may request funds for individual prostheses they have prescribed up to the value of £5,000 per limb (not per child). This includes all the associated costs of fitting the new limb, such as a new socket or liner” (Gov.UK, 2017) 
Even though in the UK the majority of the cost is covered this information taken from a Government website still shows the huge costs associated with the current manufacturing process. 
Currently to produce a prosthetic limb to involves many different separate manufacturing processes on individual parts to fit together to make a finished component. A typical prosthetic limb will consist of four to five separate parts depending on the complexity of the limb. A typical prosthetic will have custom fitted socket, an internal structure called a pylon, a cushioned area to sit comfortably around the limb and in some cases a realistic looking skin. The image below shows an example of a prosthetic limb. (Figure 1) 
Given the current assembly of prosthetic limbs consists of different parts it means the current manufacturing processes start to finish can take weeks. Firstly, the amputee must meet with a prosthetic specialist so they can take a digital impression of the area surround the limp – this part is extremely important as accuracy and attention to detail is massively important. Next the specialist will create a plaster cast of the limb commonly made of plaster of paris, “of plaster of paris, because it dries fast and yields a detailed impression. From the plaster cast, a positive model—an exact duplicate—of the stump is created.” (Sabolich, 1991)  (Sabolich, 1991)

Once mold is made clear thermoplastic is heated vacuum formed around the mold in a vacuum chamber to create the perfect fit. This socket is then tested by the amputee to check for fit, as the mold is made from thermoplastic it is relatively easy to make changes you simply heat and reshape. This part of the process is very time consuming as it the requires the specialist to often make several changes to limb, this is one of the main reasons the overheads involved with the manufacturing process is so high. 
Now the thermoplastic socket which typically a plastic like Polypropylene as it is regarded as one of the best plastics to use: 
“The use of polypropylene for producing sockets for prostheses by vacuum forming techniques is now well established. The Rapidform technique for example (Davies and Russell, 1979) has been used successfully for over six years to produce more than 10,000 sockets for below-knee (BK) PTB prostheses. Patient reaction has been favourable and socket manufacturing times have been shortened significantly” (A.G.A.Coombes, 1985) 
Now the polypropylene socket is moulded correctly for the amputee adding padding or lining to the limb is the next process. Typically, this is done by plastic forming methods like vacuum forming or injection moulding. 
The next component to be added is the pylon, these are normally made from lightweight metals like titanium and aluminium because of their lightweight and durability properties. Recently pylons have started to be produced using carbon fibre, but this can be expensive, pylons are normally produced using a die-cast process where molten metal is poured into steel die of the shape needed. The socket and pylon can then be attached using bolts or adhesives. Often the pylon is covered by a polyurethane foam cover which are designed to match the shape of the patient’s limb.
The final component on the prosthetic limb the foot is traditionally made from woods like maple, hickory, basswood, willow, poplar or linden or even sometimes rubber. Today the foot is normally made urethane form which is an expanding polypropylene form. Now all the individual components have been produced the prosthetics specialist which assemble all the parts to create the entire limb, all final adjustments will be made by the specialist before the limb was completed.  This method of manufacturing prosthetics can take anywhere from weeks to months to fully complete, and as previously stated is extremely expensive as there are a variety of different methods of production used on the different components. The current method also replies on the limb being assembled by hand by a prosthetics specialist which can be time consuming and expensive. These points have been highlighted in a published medical journal:
“Fast” in 3D printing means that a product can be made within several hours. That makes 3D printing technology much faster than traditional methods of making items such as prosthetics and implants, which require milling, forging, and a long delivery time. In addition to speed, other qualities, such as the resolution, accuracy, reliability, and repeatability of 3D printing technologies, are also improving”  (Ventola, 2014)
Additive Manufacturing 
As previously mentioned, the current manufacturing process for producing prosthetic limbs has many flaws such as the length of time it creates to produce the limb start to finish, the overall cost of the limb and the number of different processes that go into producing each component. Given these limitations I believe the use of an additive manufacturing technique 3D printing would be perfect going forward as the preferred method of manufacturing. Additive manufacturing has so many benefits that would improve this process completely, like greater customization, reduction of material and waste, reduction in errors, greater productivity and efficiency, reduction in cost and can even mean prosthetics limbs could be available to more amputees. This quote taken from a report into use of 3D printing shows the benefits this way of manufacturing could have: 
“Traditionally, the process of getting a prosthetic limb can take anywhere from weeks to months. Because prosthetics are such personal items, each one has to (or should) be custom-made or fit to the needs of the wearer. However, as 3D printers become more affordable, with some available for less than $200, the possibility of anyone being able to design and print a prosthetic limb in their home or local community is rapidly becoming a reality” (Reidel, 2017)

Customization
One of the main advantages of 3D printing is the amount of customization and personalisation that can be made to each limb. The overall process is far simpler than previously, all the amputee must do is have a scan taken and created into a CAD file that can be used on any 3D printer to create a prosthetic limb. Given this it makes it far easier to customise the limb as it is relatively easy to make changes on CAD to the limb. This was highlighted in a report into the use of 3D printing in prosthetics:
“Another benefit of 3D printed prosthetic legs is that amputees can choose various designs for their artificial limbs. Standard prosthetic legs aren’t very aesthetically pleasing, but with 3D printing, they can be” (Greguric, 2019)
Giving the amputee a better overall design would be hugely beneficial for their overall health as many amputee often struggle mentally as well as physically, this is highlighted in a recent report “Around 30% of people with limb loss experience depression and/or anxiety” (Ventola, 2014)
Reductions
Another key benefit to 3D printing is the overall reductions to cost drivers like quantity of materials needed, number of errors made in production, inventory levels and overall cost of the prosthetic limb. As previously mentioned, the current way of manufacturing prosthetics involves assembling different components that are produced using different manufacturing methods, this means there is a lot more room for errors within each component manufacturing process. For example, the sockets are vacuum-molded, and the pylon is often die-cast meaning the chances of having errors in production is far greater. However, the possibility is far less with 3D as the entire limb gets produced in one single unit.
Reduction in inventory levels will also lead to reduction in overall costs. Previously some components used to manufacture limbs were mass produced like the screws and bolts used to connect parts, these parts are often kept in large quantities meaning overheads like inventory levels and storage of inventory will also be factored into the overall cost. This wouldn’t be the case with 3D printing as one of the main advantages of additive manufacturing is the reduction of inventory levels. 
Reduction in selling price for me is the biggest benefit associated with additive manufacturing, the previous method involves huge amount of investment to begin with. For example, manufacturing methods like vacuum forming and injection molding require large upfront cost for machinery and molds. Also then as previously mentioned the current method requires a prosthetics specialist to work very closely with the amputee making often spending long periods of time making changes in order to get the correct fit, all these overheads are the reason currently prosthetic limps are so expensive. As previously mentioned, “the average prosthetic costs between $1,500 to $8,000. This expense is often paid out of pocket rather than covered by insurance. By contrast, a 3D printed prosthetic costs as little as $50!” (Reidel, 2017) This information shows the vast difference in costs. The reduction in cost would benefit children living with prosthetic limbs greatly, with children growing so rapidly often they would require multiple different limbs for their childhoods, “3D printed prosthetics can greatly benefit children. The average lifespan of a prosthetic is five years, but in that time a child grows so rapidly that they will need a new prosthetic much more frequently” (Reidel, 2017) 
Having a massive reduction in the production could mean giving many third world countries more of an opportunity for their amputees to have prosthetics. This information taken from a report into 3D printing in third world countries shows how much they could benefit from this way of manufacturing “Nia is also trialing its 3D PrintAbility technology in Tanzania and Uganda, where there are only 12 prosthetists to serve a population of about 40 million people; at the time of writing, all six state clinics have run out of materials” (Birrell, 2017). Projects like this one in Tanzania and Uganda are happening all around the world, there is a similar project happening in the Philippines by a company called SHC Design: 
“The goal for SHC Design is to make prosthetics more available. They are aiming to produce prosthetics for just $100, thanks to the FDM 3D printing technology which makes the production significantly cheaper. This is especially helpful for developing countries where prostheses are in short supply. According to SHC Design, 90% of the amputees in the Philippines can’t afford a prosthetic” (Greguric, 2019)  
Conclusion 
To conclude I believe it would be massively beneficial to amputees worldwide if prosthetics limbs were manufactured using additive manufacturing. Additive manufacturing is perfect for the market conditions of the prosthetic limb industry “3D printing is especially advantageous for companies that have low production volumes or that produce parts or products that are highly complex or require frequent modifications.” (Ventola, 2014)
Firstly, the current process involves many separate manufacturing processes for different components, this increases errors made in production, increases production time and levels of excess inventory. However, with 3D printing all these steps are cut out decreasing overall cost, time to produce and overall efficiency. Next, I believe the overall reduction in selling price means amputees who before were priced out of having a prosthetic limb now may be able to afford it. Finally, then 3D printing would millions of people worldwide a better chance of being able to have a prosthetic limb, currently most third world countries don’t have the capacity to give their amputees limbs but with 3D printing that could change. Overall, I believe 3D printing would benefit the prosthetics industry greatly. 
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