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[bookmark: _Toc1042833]Introduction
The primary objective of the report is to look at the design of a ski boot lower and re-design with Additive Manufacturing processes in mind. To do this affectively, research will need to be undertaken on ski boots, including an FMEA of the current design and Additive Manufacturing processes in particular SLS. The design drivers need to be looked at next, this will be why the re-design will be worth it. The tools and techniques that will be used in the re-design, should be shown and demonstrated. The final design should be shown, then be described and evaluated against the current design whilst showing CAD models and technical drawings.
[bookmark: _Toc1042834]Research
[bookmark: _Toc1042835]Current Design and Methods of Manufacture  
[bookmark: _Toc1042836]History and Design
Today’s ski boots have developed significantly over the last 200 years; they have changed from being soft leather Cross-country ski boots, which used a strap to bind the boot to the ski, to today’s three-piece design which uses injection moulded polymers. Today’s modern stiffer Alpine ski boots are affixed to a multi-directional adjustable binding that are fixed to a steel-edged ski with polymer sidewalls. Which increase power transfer and response (control). (Masia, 2016)[bookmark: _Ref536821191][bookmark: _Ref536821157][bookmark: _Toc536821244]Figure 1 Ski Boot 1940's (Masia, 2016)


Figure 2 Ski Boot 1960's lace-up work boots (Masia, 2016)Figure 3 Ski Boot 1940's (Masia, 2016)


Figure 4 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 5 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 6 Ski Boot 1960's lace-up work boots (Masia, 2016)Figure 7 Ski Boot 1940's (Masia, 2016)


Figure 8 Ski Boot 1960's lace-up work boots (Masia, 2016)Figure 9 Ski Boot 1940's (Masia, 2016)
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Figure 10 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 11 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 3 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


Figure 12 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 13 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 14 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 15 Ski Boot 1960's lace-up work boots (Masia, 2016)j

[bookmark: _Toc458979][bookmark: _Toc459082]Figure 16 Ski Boot 1960's lace-up work boots (Masia, 2016)Figure 17 Ski Boot 1940's (Masia, 2016)


[bookmark: _Toc458980][bookmark: _Toc459083]Figure 18 Ski Boot 1960's lace-up work boots (Masia, 2016)


[bookmark: _Toc458981][bookmark: _Toc459084]Figure 19 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 20 Ski Boot 1960's lace-up work boots (Masia, 2016)Figure 21 Ski Boot 1940's (Masia, 2016)


[bookmark: _Toc458982][bookmark: _Toc459085]Figure 22 Ski Boot 1960's lace-up work boots (Masia, 2016)Figure 23 Ski Boot 1940's (Masia, 2016)


Original Cross-country ski boots, shown in Figure 1, had cast iron toe caps which enabled the boot to be hooked on to the ski via a leather strap. In time, this method progressed to include a heel strap to stop the ski from coming free during posterior flection.[bookmark: _Ref447792][bookmark: _Toc536821245]Figure 2 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 25 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 26 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 3 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


Figure 27 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 28 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 29 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 30 Ski Boot 1960's lace-up work boots (Masia, 2016)
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Figure 31 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


Figure 3 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


Figure 32 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)h

[bookmark: _Toc458984][bookmark: _Toc459086]Figure 33 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 34 Ski Boot 1960's lace-up work boots (Masia, 2016)


Figure 3 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


[bookmark: _Toc458985][bookmark: _Toc459087]Figure 35 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 36 Ski Boot 1960's lace-up work boots (Masia, 2016)


[bookmark: _Toc458986][bookmark: _Toc459088]Figure 37 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)Figure 38 Ski Boot 1960's lace-up work boots (Masia, 2016)


Mass production of work boots and shoes due to the invention of the sewing machine, led to the development and mass production of leather ski boots (Figure 2). These boots were flexible lace up work boots with the ability to also be affixed onto a ski. This was a turning point in ski boot development. Cross-country skiers require lighter boots that need to be supple and flexible in order for them to be used to walk and run across snow covered terrain as a form of transport and a sport. (Colonna , et al., 2013)
In contrast, Alpine ski boots for downhill skiing need more rigidity and less flexibility. This is where Alpine ski boots parted ways with Cross-country boots. Downhill skiers need to put the ski on its edge to turn effectively. In order to do this, a stiffer boot is required to be able to efficiently lean the ski into the piste. Further development of the Alpine ski boot, led to the introduction of a reinforced boot wall, giving greater control when making parallel turns. This period also saw progression in downhill ski technology, such as steel edges being introduced as an alternative to solid wood. 
Modern ski boots use injection moulded polymers creating a stiffer boot; thermoplastics which allows them to be moulded and adapted for a semi-custom fit, the use of metal buckles allows the boot to be deformed creating a better fit and allowing better transfer of power. Soft and warm inners give a better fit, comfort, impact resistance and warmth. There are many different designs out there, but the two most commonly used designs are the front entry and three-piece designs, both shown in Figure 3.
Three-piece design; (Figure 3 left) due to the two pieces that form the upper shell around the calf it gives a great progressive flection. Which is helped by the lower hinge point and has a tongue which takes the forward pressure, allowing the fore-aft flection. The progressive flection is created as the further the tongue is bent the stiffer it becomes. This is also the cause of a lack in lateral flection as there is a join between the two upper pieces. (Absolute-Snow, n.d.) Also known as ‘open-throat’ design.[bookmark: _Ref455845][bookmark: _Toc536821246]Figure 3 Ski Boot Modern ‘front entry’ + ‘three-piece’ (Absolute-Snow, n.d.)


[bookmark: _Toc458987][bookmark: _Toc459089]Figure 40 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


Figure 3 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


[bookmark: _Toc458988][bookmark: _Toc459090]Figure 41 Ski Boot Modern ‘three-piece’ + ‘front entry’ (Absolute-Snow, n.d.)


Front entry design; (Figure 3 right) uses a two-part construction, a lower shell injection moulded around a last and an upper cuff which is mounted to the shell via a hinge joint. This allows for flection forwards and back. Both parts of this design then clam shut at the front with the use of buckles (Colonna , et al., 2013). Also known as ‘overlap’ design.
[bookmark: _Toc1042837]Modern Manufacture and Construction 
Modern alpine ski boots use the popular front entry design and three-piece construction. These modern designs are injection moulded around a metal Last (tool/mould) of a foot. For different sized boots, different sized lasts are used. Therefore, you end up with a limited range in shapes and sizes of boots. To get a nicer fit, requires post manufacture alteration in specialist ski boot shops where you have to pay an expert to adjust your boots.
[bookmark: _Toc1042838]FMEA of Current Design[bookmark: _Ref536821257][bookmark: _Ref536821255][bookmark: _Ref536821256][bookmark: _Toc1037547]FMEA 1 Current Design Analysis
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Failure Mode Effect Analysis (FMEA) was carried out on a current ski boot design, this enables us to see the current weak spots of the current design. The FMEA enables us to re-design around these potential issues.
The FMEA, pin pointed several weaknesses in the current design and manufacture; such as around the hinge joint, as there is very little material around the pivot. FMEA 1, shows that a failure mode at this point could potentially cause a loss in power transfer, as the hinge point is what holds the cuff (upper shell) to the lower shell. The loss in power transfer is due to loss in all lateral stiffness in the cuff. The affect could be much worse, as in the event of a failure during a crash, a lack of power transfer would mean the boot does not transfer the force of the crash, through the boot and into the binding. This would cause the binding not to release correctly causing an injury, such as a broken ankle / lower leg or ligament damage to the ankle or knee. The cause of this potential failure is that the design does not allow for manufacturing tolerances of plastic thickness in this area. Fluid flow in the mould would cause potential failure mode such as cracks and fractures in the shell. 
[bookmark: _Toc1042839]Additive Manufacturing Processes
[bookmark: _Toc1042840]Types of Additive Manufacture 
SLS (Selective Laser Sintering) is a polymer 3D printing process, otherwise called additive manufacturing. The SLS process, is as the name would suggest, a process where a laser selectively sinters fine polymer particles, in the shape of the cross-section of a part, layer by layer. Sintering is the process of turning a powder into a three-dimensional solid, by heating the particles until melting point, meaning that they can agglomerate into each other forming a single solid  (Palermo, 2013). Due to the sintering it has great isotropic mechanical properties; (Table 1) such as tensile strength and modulus, it is more brittle than bulk material (Varotsis, n.d.).
[bookmark: _Ref715628]Table 1 SLS mechanical properties (Varotsis, n.d.)
	Material: Nylon
	X + Y direction
	Z direction
	Bulk material 

	Tensile Strength
	48MPa
	42MPa
	35 - 55MPa

	Tensile Modulus
	1650MPa
	1650MPa
	1270 - 2700MPa

	Elongation 
	18%
	4%
	120 – 300%


[image: ]SLS creates a low elongation value, meaning that under load the material does not stretch before breaking, in other words the material is more brittle, this is caused by high internal porosity. The 30% of porosity in SLS printed parts is a potential problem for waterproofing and surface finish. The porosity of the final part allows the colour to be changed easily. Finishing processes can be applied to improve surface finish and water absorption properties. Surface finish can also be improved by particle size and laser power, the finer the powdered polymer the smoother the finish. The laser power, on the other hand, is a balancing act. If the power of the laser is too low, the powder will not completely sinter together causing weakness in the structure. If the power is too high, it will cause over-sintering which is when the heat from the laser causes un-sintered powder to fuse to the part. Over-sintering can also occur on parts with small wall thickness, the effects of over-sintering are a poor surface finish and inaccuracies in parts. The un-sintered powder that sits around the part on the build platform acts as a support structure, this reduces lead time and material used as a support does not have to be manufactured. Hollow parts require escape holes to allow excess powder to flow out once removed from build platform, leaving the hollow void empty.  (Varotsis, n.d.)
After sintering a layer of polymer powder in the shape of the cross section of the part, the build platform lowers by 1 and the powder delivery bed moves up, then the roller or scrapper moves powder from the powder delivery bed to the build platform. Thus, leaving a 0.1mm layer of un-sintered material to laser the next layer of the part on too. Left over powder can be reused. (Palermo, 2013)Figure 4 SLS diagram (Palermo, 2013)

DMLS (Direct Metal Laser Sintering) is the same process as SLS but uses metal powder instead of polymer powder.
For the purpose of this re-design process, SLS is going to be used as it is a polymer-based AM (Additive Manufacturing) process. Which is preferable for ski boot manufacturing as polymers have an appropriate flexibility for the application for a lower shell of a ski boot. TPU can be printed using SLS AM.
[bookmark: _Toc1042841]Materials 
TPU polyurethanes (Thermoplastic) and API polyurethanes (Thermoplastic) are currently used in ski boot manufacture. SLS manufacturing is currently using forms of TPU polyurethanes such as TPU X92A-1. TPU polyurethanes are a flexible polymer which is “resistance to impacts, abrasions, tears, weather, and even hydrocarbons” (AmericanChemistry.com, n.d.). This material gives a wide range of options and processing application.
[bookmark: _Toc1042842]Reason for Re-design
[bookmark: _Toc1042843]Customisation
As there is no tooling required for the process of Additive Manufacturing (AM), each print can be different from the last (if desired). The reason for this is each product is printed from a CAD file, that is then sliced into multiple layers. Which in the case of an SLS machine, it etches each individual layer of the design onto the fine layer of powder using a laser, melting (sintering) the polymer to the previous layer. So, to print a different design all that is required is an adaptation to the CAD file, this can be done automatically if linked to a 3D scanner and using the right software.
This would enable ski boot manufactures to take a 3D scan of a foot along with a few other measurements and print a custom boot in minutes. The customisation benefit of a custom printed ski boot would be the ability to achieve the perfect fit. There are obvious fitting benefits such as the size and shape of the boot. In terms of width, length and height. According to biomechanics and kinesiology (Martin & McCann, n.d.) the fit of a ski boot can affect the skier’s ability to ski with the correct technique this is due to the balance and alignment of the boot which is different from person to person (Martin & McCann, n.d.).
Balance and alignment currently are adjusted by taking a standard boot and disassembling it and manually altering the boot by plaining material off the sole on an angel or a tilt, to make the boot match the ‘cant’ of the client’s legs. Routing the ends of the boot aligns the angle of the boot with the client’s foot, to help with their posture and balance; therefore, their technique.  
[bookmark: _Toc1042844]Strength and Stiffness  
Lateral stiffness is key for control of the ski and increases power transfer. This creates for a more reactive and precise ski, boot and binding combination. Although a beginner would want a softer boot as they require some forgiveness as they do not want every slight and incorrect movement to be translated in to the skis as they will not be able to control and react to a responsive ski, boot combination.
There are safety benefits of a strong stiff boot, if the bindings are correctly set up. As a stiff boot will enable the binding to release correctly during a fall, as the boot transfers the forces efficiently where as a looser softer boot may take some of the force hence cause the binding not to release leaving the rest of the force to be applied to the leg causing an injury. 
[bookmark: _Toc1042845]Light Weight and Reduction of Material 
Through the use of a Topology computation, there was a 70% reduction in weight and material. Whilst still keeping the stiffness that is required in certain parts of the boot.
Due to the current manufacturing process of ski boots (injection moulding), the wall thickness has to be similar across the part otherwise there will be different cooling rates, potentially causing weaknesses in the shell. It also limits the design, as parts that could be thinner are not which adds weight, and perhaps more importantly parts that require more material are left short to reduce weight but also reduce structural integrity of the shell and therefore, the boot. 


[bookmark: _Toc1042846]Tools and Techniques 
[bookmark: _Toc1042847]FEA
The FEA shows where there are stresses being applied to the boot (lower), whilst clipped into a binding and loaded as if it was being cycled through a turn. This then shows us, where the potential load paths are and what effect the forces of skiing have on a boot. It also shows us how the boot design handles these forces in terms of distribution and load points. 
[bookmark: _Toc1042848]Displacement[bookmark: _Ref952650][bookmark: _Toc1037539]FEA 1 Displacement of Current Ski Boot Lower

The displacement in FEA 1, show displacement in the middle of the boot which is what you would expect as the boot is held at either end. A person’s weight if the boot is correctly balanced will sit directly over the middle of the boot; this displacement and alignment of weight directly over the centre of the boot helps the ski to carve. As the ski is leant over, the side cut and camber of the ski means that the edge in the middle sits off the floor. It requires a force to flex the ski in to a curve, so the edge grips the snow and allows the ski to carve. This bending of the ski is achieved through a group of different factors including proper technique, speed and many others but also the balance and the force that is applied through the boot.
[bookmark: _Toc1042849]Stress [bookmark: _Ref955208][bookmark: _Toc1037540]FEA 2 Stress on Current Ski Boot Lower

FEA 2, shows us the strain put on the lower shell whilst putting in a turn. FEA 2(left), shows the initial stress during the initiation of a turn. FEA 2 (right), shows the stresses put on a ski boot during a turn, when peak forces are at their highest. As we can see the stresses increase as the forces increase, which is expected as stress equals force times surface area. The stresses increase the further away from the base you get (again expected due to force x distance = torque). This is due to the force causing a torque around the sole where the bindings interact. This torque is vital as it is what enables us to lean the ski over to be able to turn and carve.


[bookmark: _Toc1042850]Strain[bookmark: _Ref956768][bookmark: _Toc1037541]FEA 3 Strain on Current Ski Boot Lower

FEA 3, shows strain in the boot. Here we can see the strain that is carried down the length of the boot in the side wall. This strain arc can be seen in the Topology (Topology 1) as a support structure. 

[bookmark: _Toc1042851]Topology 
[image: ][image: ]During the topology study, 70% of the material was removed. The studies where both run with different forces applied to achieve similar stiffness to current design but with less material. The initial study (Topology 1) was run with 50% less material and the secondary study (Topology 2 + Topology 3) was run with 70% less material than the original. [bookmark: _Ref818097][bookmark: _Ref818112][bookmark: _Ref1035169][bookmark: _Toc1037542]Topology 1 Initial study

[image: ]Topology 1 was run with force being applied to the front of the shin where as run two (Topology 2 + Topology 3) had forces applied to the sides as well.[bookmark: _Ref818142][bookmark: _Toc1037543]Topology 2 Secondary study
[bookmark: _Ref818145][bookmark: _Toc1037544]Topology 3 Secondary study 2


All simulations where run using the toe and heel pieces as the fixtures and in the second run the hinge point was also made a fixture. These are just the first iterations; with further iterations and studies with some testing and analysis there would be a further improvement in the amount of material needed. A rough mesh was used to reduce computational time, if a finer mesh was run the results would be significantly better as we would be able to pin point smaller areas which would hopefully leave us with a design that is lighter again but still as stiff.
[bookmark: _Toc1042852]FMEA
[bookmark: _Ref734346]FMEA 2, highlights the potential failure mode and their effects and causes of the re-design. Whereas, FMEA 1, showed the weaknesses of the current ski boot design so we had an idea on how the re-design needed to supersede the current design. 
[image: ][bookmark: _Ref1027008][bookmark: _Toc1037548]FMEA 2 Post Re-design

The FMEA 2, points out the orientation of the part in the bed of the printer. This is important as it gives albeit slightly different properties across the planes. With the re-design, all but one RPN value was kept below 200, this was attained by removing potential failure modes and then increasing the detectability and occurrence of the modes and effects that can not be removed or reduced. 
[bookmark: _Toc1042853]QFD
QFD 1, shows us the relationship between customer satisfaction based on customer requirements against technical characteristics, versus competitors’ products. It also shows the relationships between the individual technical characteristics. The QFD gives many important values that can be used to determine how to improve the product. QFD’s take into account the importance and the weighting of each characteristics. [bookmark: _Toc1037545]QFD 1 Post Re-design
Hard


[image: ]
To decide on the targets for each technical characteristic, we need to do research into each technical characteristic for each of the competitor’s boot. This was done by taking their boot and taking measurements and recording how the boot performs. The data was then collaborated into a table (QFD 2) to enable targets to be set for our design.
[bookmark: _Ref877343][bookmark: _Toc1037546]QFD 2 Table of technical characteristics
	



Competitor
	Lateral stiffness
	Flection (fore and aft)
	Ankle Angle (degrees)
	Weight per pair
	Surface finish
	Torsional stiffness
	Compressive strength
	Pivot size (mm)
	Width (mm)
	Length(mm)
	Type of boot

	Our target
	+30%
	Stiff but impact absorbent
	13
	200g
	Hard + silky 
	+20%
	+10%
	25
	Customable 
	Freestyle racing boot

	1
	+50%
	Stiff 
	14
	400g
	Hard
	+17%
	+5%
	22.5
	75 - 95
	190-280
	Race boot

	2
	+20%
	Progressive Flection 
	13
	475g
	Silky 
	+15%
	+10%
	30
	70-110
	180-300
	Freestyle (mogul) boot

	3
	Base line
	Soft and smooth 
	12
	450g
	Soft
	Base line
	Base line
	20
	60-110
	150 
	Beginner / Novice boot





[bookmark: _Toc1042854]Final Design
[bookmark: _Toc1042855]Description of Design
[image: ]The re-design is driven by customisation, which is achieved by using Additive Manufacturing as there is no tooling that needs to change just alterations to a CAD file. Another aim of the re-design was to reduce the weight and material, the use of AM is again, a benefit to this design as hollow structures and non-manufacturable shapes can be formed. Normal manufacturing processes such as injection moulding cannot form such shape as they are un-mouldable.
So, the design was informed by a FMEA (FMEA 1), Topology (Topology 1, Topology 2, Topology 3), FEA (FEA 1, FEA 2, FEA 3) and the use of AM techniques [bookmark: _Toc1042714]CAD Figure 1 Ski Boot Post Re-design

[image: ]The designs below show the re-design of a ski boot, more specifically the lower shell of a boot. This design will need additional parts of the boot to function. Such as fasteners (buckles and straps), cuff, inner liner and tongue. This basic frame design leaves massive opportunities for adaptability for different models and ranges based around the same lower structure. For example, it could be turned into either a three-piece design or an overlap design, making two ranges of boots from the same lower. Different models could feature different parts. Some boots may cover the foot in an additional material that sits inside the frame work, this adds warmth, waterproof ability and protection. The additional material would probably be a thin polymer sheet that could be vacuum formed to the shape of the customers foot. Another range may use the raw frame lower and make a warmer stronger and durable lining / inner boot. If the frame was rear-entry, there is the possibility that the lower would be more like a flow binding and snowboard boot but for skis. 
The soles have internal honey comb structure to absorb impacts dampen vibrations passed through the ski and binding this will help with inadvertent release. It also reduces weight and computational time the top will be left open to allow excess powder to flow out after the manufacturing process. [bookmark: _Toc1042715]CAD Figure 2 Ski Boot Sole Honeycomb Structure

This lower boot is lighter, uses less material, is lateral stiffer, stronger (tensely, compressively and torsionally) more customisable and adaptable than current boot designs.
[bookmark: _Toc1042856]Model CAD
[image: ][image: ]




[bookmark: _Toc1042716]CAD Figure 3 Ski Boot Post Re-design
[bookmark: _Toc1042717]CAD Figure 4 Ski Boot Post Re-design

[bookmark: _Toc1042857][image: ][image: ]Technical Drawing  [bookmark: _Toc1042718]CAD Figure 5 Ski Boot Post Re-design
[bookmark: _Toc1042719]CAD Figure 6 Ski Boot Post Re-design

[image: ][bookmark: _Toc1042720]CAD Figure 7 Ski Boot Technical Drawing Post Re-design


[bookmark: _Toc1042858]Conclusions
In conclusion, the report covers the analysis of current ski boot design and manufacture. It applies modern computational tools and techniques as well as Additive Manufacturing processes to create a part that a range of ski boots can be made with. The design is not only great in terms of meeting many of the design criteria and technical characteristics but also manufacturing wise and business wise as well. The ability to create a custom boot that not only fits perfectly but has the ability to perform how you would like it to.
The advances in computational tools and techniques has allowed this re-design to happen. The ability to fined stress lines and remove redundant material is revolutionary in terms of sports equipment design. This would not be very useful if you were limited to contemporary manufacturing techniques, but with the ability of 3D printing, technical parts and hollow structure it is very possible and doable.
With further time and resource, this concept could be refined and prototyped leading to a product read for manufacture. 
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