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[bookmark: _Toc43867257]Introduction
[bookmark: _Toc43867258]Summary of Task
This report will be looking at improving the design of a three jaw gripper (end effector) intended for use on industrial robotics or co-bot systems, and proposing what materials and manufacturing methods could be used in the production of the gripper. The original design will be appraised to decide where improvements can be made, then an explanation of the improvements will be given with CAD (Computer Aided Design) illustrations. Potential manufacturing processes will then be evaluated.
[bookmark: _Toc43867259]Explanation of Part
Three jaw grippers are grippers used in robotics for picking up round parts axially, for instance if you were to pick up a drinks can around its rim. Due to this being the only real use for this type of gripper, they are fairly limited in application, but are the best choice where this is desired. 
[bookmark: _Toc43867260]Appraisal of Original Design
[bookmark: _Toc43867261]Explanation of Part Function
The three jaw gripper is a fairly simple part in principle, with a motor that drives a thread or worm shaft causing a plate to move up and down the shaft. The plate is attached to three pivoting jaws and as such opens the jaws when the plate goes up, and closes them when the plate goes down.
The motors that power the gripper can either be electric, pneumatic, or hydraulic. About 80% of modern grippers are pneumatically operated as this is the cheapest option and it gives results just as good as the others, i.e. no loss in gripping strength or actuation time. (Guelker, 2011)
The shape of the jaws varies on grippers, and can usually be changed, based on what application is being carried out. Most jaws are flat faced, but round faced and grooved jaws are also sometimes used. 
[bookmark: _Toc43867262]Initial Thoughts (what works, what doesn’t)
From a first glance at the given design, it is apparent that are a few potential issues. 
· The tips of the jaws are very thin, which means then could bend if used to tightly grip narrow parts.
· The structure around the pivot for the jaws looks potentially quite weak.
· The main body looks thin and more detailed that necessary. 
These points are just speculation and will need to be reviewed further. To do this, CAD simulation and an FMEA will be carried out.
[bookmark: _Toc43867263]Simulation
CAD simulation also known as FEL (Finite Element Analysis) allows for a CAD model to be tested using real world parameters, as such allowing force analysis be done, this can include stress analysis, vibration analysis, heat analysis, and even fluid flow to be tested against the model, depending on the software used. This can determine whether or not the part will be able to operate ubder the desired conditions. (Autodesk Inc., 2020) A large number of engineering CAD programs, such as Solidworks and Inventor allow for stress analysis to be done, and some allow for other dynamic analysis also. However for most other analysis specialised software is needed. In this case all that is needed is stress analysis to get an idea of the design integrity.
[image: ]
Above is a meshed model of the gripper, which has had material properties, forces, and a joint added. When a model is tested, it must be meshed to create points or “vertices” for the analysis to act upon. Calculations can then be done at each point to see how it would be affected by the force or forces. In this case the forces applied are acting outward on each jaw of the gripper to assess what gripping force, and hence what weight can be carried by the gripper. Calculating the weight carried based on the gripping force is not simple, and a large number of factors need to be considered, including acceleration of the robot arm, friction of the jaw, friction of the part, external conditions, acceleration of the part if applicable, and weight of the part, however for a basic understanding can be gathered from the following:

Where:
F = Gripping Force (N)
u = Coefficient of static friction
m = Mass of the part
g = Gravity
a = Acceleration
Different applications will have different coefficients of friction and as such the safety factor will need to be adjusted. The gripping force must always be higher than the weight of the part so the part doesn’t slip. (Belanger-Barrette, 2014) 
In this case as no application has been given for the gripper, the purpose of the model will just be to evaluate any deformation of the jaw at a number weights. The standard coefficient for the jaw, in this case PVC (Poly Vinyl Chloride), to plastic is 0.3 to 0.4, and to metal is 0.25 to 0.4, therefore an average value of 0.35 can be used. Assuming there is no acceleration acting on the part, and that a safety factor would need to be added afterwards, the formula can be simplified to:

And rearranged to:

To find the mass of the part the gripper can carry.
[image: ]
The first simulation was ran at 200N of total force on the gripper, which works out at a 7.06kg lifting weight, and as can be seen in the above figure, the ends of the gripper have deformed quite considerably, as 5.087mm maximum displacement. This is well above an acceptable value as the plastic would likely break and jaws would be permanently damaged. 
The second simulation, seen in the figure below was ran at 100N of total force, which works out to 3.53 kg lifting weight also shown unacceptable levels of displacement at 2.543mm.
[image: ]
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The figure above shows the test at 10N of total force, working out at 350g lifting weight. This time the displacement is within an acceptable level of displacement at 0.2543mm, but a slight weakness is still shown in the ends of the gripper.
[bookmark: _Toc43867264]FMEA
In order to understand where issues in the design in terms of assembly occur, an FMEA (Failure Mode Effect Analysis), and more specifically a design variant, a DFMEA, can be used. This is an analytical tool that looks at where failures can occur, how severe the failure would be, how common the failure would be, and how easy the failure is to detect before it leaves the factory. By knowing these a numeric value called an RPN (Risk Priority Number) can be established, and as the name suggests, this allows priorities to be set as to which potential failures need to be addressed.
An FMEA takes the form of a table where each potential is listed alongside its cause and effect, and it is given a score accordingly. The FMEA below has been done on the gripper, showing a number of the potential problems that could occur during assembly. 
[image: ]
From the gripper FMEA, it was made apparent that the highest priorities (i.e. the highest RPN’s) were in the design of the cylinder, the number of small parts and the fragile material of the jaws and joints. Actions are assigned to the highest RPN’s which are aimed at reducing the RPN as much as possible. When reducing RPN’s it is important to remember that the severity of the failure cannot be reduced in most cases, unless the part that could fail is completely removed. As such, the focus is aimed at reducing the occurrence, and increasing the detection methods, in order to make so the failure does not get to the customer. 
The changes that have been suggested in this FMEA are aimed at reducing the occurrence of the issues, and doesn’t look into increasing detection at this stage, as this is usually done as a last resort once the occurrence can no longer be feasibly reduced. The order of improvements is as follows:
1. Elimination – Remove the failure mode entirely, usually by removing the part, largely redesigning the product.

2. Reduction – Reduce the occurrence of the issue by putting process controls in place, or making small redesigns.

3. Detection – Implementing or improving detection methods to ensure that when the failure does occur it is scrapped or reworked, and not sent out to the customer.
[bookmark: _Toc43867265]Research on Similar Designs
In order to understand what improvements can be made to the design given, looking at alternative designs is necessary. Understanding what key features are commonly used and which are avoided will help to make informed decisions about the designs. 
[image: pneumatic gripper][image: http://www.agi-automation.com/wp-content/uploads/2015/01/AGP63md.jpg]
(Direct Industry, 2020) 
(AGI, 2020)
[image: 3-Jaw Gripper][image: RAD 3-Jaw Pneumatic Parallel Robotic Grippers ]
(PHD Inc., 2020)
(RAD RA, 2020)
The grippers above are all three jaw pneumatic systems. As mentioned pneumatic systems are more common than their hydraulic or electric counterparts due to the cheaper cost and lighter systems. 
The standard gripping system seems to be to use sliders jaw mounts for parts to be bolted on. With the exception of the first image, these mounts are all flat. I believe this system is used to create a number of widths the jaws can grip at.
It is important to note that in terms of scale these are all larger than the design given, with a gripping diameter of 20+mm, whereas the design given is 16mm.
[bookmark: _Toc43867266]Design and Development Work Undertaken
[bookmark: _Toc43867267]Summary of Potentially Modifiable Areas
To summarise from the investigations into the design, from the simulation it was noted that the end of the jaws is weak and prone to deforming. This means the tapered design need to be modified. From the FMEA, it was noted that the cylinder needs redesigning to allow easier access during assembly, the plastic needs to be replaced with a stronger material, and the small parts need to be reduced. From the market research, it was noted that the jaws should be able to grip at different widths.
[bookmark: _Toc43867268]Changes Made (Explanation)
The changes made to the design were initially focussed on the required changes summarised, but some other improvements were also made in the progress. The additional changes include mirroring the supports, and adding radii to the jaws.
[image: ]
The table below summarised the changes and their reasoning:
	Change Made
	Reason for change
	Source of change

	Shortening and rounding of the jaws
	To eliminate the weak point at the end of the jaws
	Simulation

	Plastic changed material – Jaws to carbon fibre, joints to aluminium
	To eliminate potential cracking in the jaws, and to increase the potential grab strength, and hence the carry weight
	FMEA

	Cylinder changed to simple plate with struts
	To allow better access to the cylinder mounting bolts when assembling
	FMEA

	Joint design changed
	To eliminate the need to separate bolts the joint parts would be made with attached threads
	FMEA

	Radii added to jaws
	To reduce the chance of weak points in the jaw structure which could lead to cracks
	During Design

	Mirrored joints
	The ensure stress is evenly distributed when under load
	During Design

	Reduced drive plate size
	To reduce material and make the design lighter
	During Design





[bookmark: _Toc43867269]CAD Evidence
The models below show the changes made in closer detail.
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[bookmark: _Toc43867270]Manufacturing Process Proposal
[bookmark: _Toc43867271]Material Considerations
During the design phase, the choice of materials can make a big difference to many factors including cost, strength, weight, and even aesthetics. It is important to consider what materials are available when designing. 
[bookmark: _Toc43867272]Jaw and Joints
For the Jaw and joints, the original material for the design was plastic, specifically PVC typical used in inert lightweight applications, however as no specific application has been given general properties need to be considered for a range of applications. Plastic is fairly weak, and prone to cracking, so it is not ideal for a general purpose gripper.
Due to the poor properties of plastic, other materials need to be looked at. Typically metals are used for robotic grippers due to their high strength, and many metals such as Aluminium and Titanium still exhibit fairly low weights. However there are other material that exhibit good properties for this scale of application such as Carbon Fibre, which is also inert and lightweight like plastic, but is not so prone to cracking, and has a much higher rigidity than the vast majority of plastics. It is more expensive that plastic on the other hand. 
Where threading is required metals are the best option, as most other materials have a much lower abrasion resistance, but aluminium is softer than the majority of alternative metals and won’t last as long as steel.
For these reasons, stainless steel was chosen for the joints, and carbon fibre was chosen for the jaws, as it gives the most beneficial set of properties.
[bookmark: _Toc43867273]Drive Plate and Cylinder
The drive plate and cylinder are Aluminium on the proposed design, and for this application that is the ideal material for the cylinder. Aluminium is also a corrosion resistant material, but is much lighter than stainless steel. Stainless steel would be better for the drive plate as there is a thread.
[bookmark: _Toc43867274]Worm and Shaft
For the same reasons and the drive plate, metals are the preferred option for the worm and shaft which experience a lot of friction. The worm and shaft are Aluminium in the design, but these are small parts that need good abrasion resistance, so stainless steel would be better here.
[bookmark: _Toc43867275]Motor	
Motor housings are typically made of steel, and are usually bought as stock parts, hence the material considerations are not needed.
[bookmark: _Toc43867276]Process Method and Considerations
[bookmark: _Toc43867277]Jaws
The jaws were decided to be made from carbon fibre. What is commonly referred to as Carbon Fibre is actually a composite made of Carbon Fibre and resin or epoxy. Carbon fibre itself goes through a complex manufacturing process, which is why it costs more than plastic. The process to made Carbon Fibre consists of multiple phases or heating and oxidising. The heating phases are done in inert atmospheres where oxygen cannot react with the fibre, this is to stop the fibres from burning while removing most of the non-carbon elements from the fibre. The fibre is then conditioned through oxidising to get the correct carbon formation and surface. (Zoltek, 2020)
Once the actual fibres have been made and are woven, they are set into a bonding agent which is usually a resin or glue before being shaped into the desired form. The carbon Fibre composite is cut and shaped while the bonding agent is setting, to create the part required. This creates an extremely rigid and strong part which is almost entirely inert and corrosion resistant.
[bookmark: _Toc43867278]Metal Sheet Components
Steel production is one of the largest material productions worldwide, as steel is useful for many applications, and can be easily modified to suit specialist requirements through alloying. Steel itself is an alloy of Iron and Carbon, with the Carbon in very low quantities. Through the alloying of other materials steel can be made suitable for various other applications, such as alloying in Chrome and Molybdenum to make Chrome-Moly Steel, which is used in very high temperature and pressure environments. Through this method various forms of stainless steel, steel that has been made corrosion resistant, can be made. Aluminium is a far simpler material as it is not alloyed.
There are many methods of shaping metal, and different methods are employed for different purposes. Where round or cylindrical parts are being used, turning using a lathe can often be the most productive way, however when the parts are primarily made from thinner sections, cutting and welding the metal is usually better as there is less waste generated. Through modern technological improvements, faster more accurate metal cutting has become possible, with laser cutting and plasma cutting being the best methods for precision cutting metal.
Laser cutting has been around since 1965, with plasma being around since 1950, but the technologies have continued to improve. Plasma cutting is useful for cutting thicker steel up to 65mm, however lasers cutting is more accurate and faster, but can only cut up to 25mm. Laser cutting can also be used on a number of non-metals so long as they aren’t reflective, however plasma can only be used on metal. (MFG Tech Update, 2015)
As the material to be cut in this application is only as thick as 5mm, laser cutting is the better option as it will give a better finish. All metal in the design can be laser cut.
Once the cutting is done, a small amount of welding will also need to be done on the cylinder. Aluminium needs to be welded using a more specific method that steel, as it oxidises very quickly into a thin film that will cause issues in welding. Due to this MIG (Metal Inert Gas) or TIG (Tungsten Inert Gas) welding is used, where a shielding gas can be applied during the welding process at a higher heat that is ideal for aluminium. TIG welding is more commonly used as it is able to get up the temperatures required easier. (Kristoff, 2017)
[bookmark: _Toc43867279]Shaft and Worm
The shaft and the worm are cylindrical parts, so they would usually be turned down on a lathe as this is the most suitable method for machining cylindrical components. However if a large quantity of these parts is required, then it would likely be more cost effective to cast the components. Casting is done by creating a mould which can be any shape required, meaning a number of parts can be made at the same time. Metal is then melted to a fluid (molten) state, and is poured into the mould to form the parts.
[bookmark: _Toc43867280]Motor
As mentioned in the material considerations part, motors and their housings are off the shelf parts and would not usually be manufactured bespoke for a single purpose, as this would cost a lot.
[bookmark: _Toc43867281]Potential Manufacturing Difficulties
The main difficulty that may be encountered in this process would be with getting the jaws made to order out of carbon fibre. If the quantity of the order is low then the cost would be very high, and there are a limited number of facilities that can produce the parts. However for most of the components the cost will increase if there are a small number of parts being made. 
If the required quantity of parts is low for the desired application, then an alternative material and manufacturing method may be needed for the jaws.
[bookmark: _Toc43867282]Conclusion
[bookmark: _Toc43867283]Reflection of Design
Looking back at the design, a number of other large changes could be made. As mentioned in the changes section from the market research, in most cases it is better to have the jaws closing in parallel to each other in order to be able to handle a larger variation of parts, however this would require a completely different design as the functional method of this design is not suitable for parallel operation. 
It was also noted in the market research section that most of the competitors’ designs use pneumatic control rather than electric control, and as such would not use a motor. This would be a large design change particularly as the design relies on rotational operation whereas most pneumatic systems work on expansion bases designs, so a bespoke pneumatic motor may be needed.
[bookmark: _Toc43867284]Final Thoughts
If the gripper were to be given a specific application, further analysis could be carried out, as specific design intent is not clear when a part is intended for various unspecified operations. This means that materials may not exhibit optimal characteristics for the purpose, and the choices of design changes would likely be vastly different for different intended applications. For example, if the parts being gripped were all the same size spherical parts, a nonlinear design and given may indeed be better. Also if a specific application were given, more simulations could be done and a final required grip strength could be decided, potentially opening up options for different lower strength materials, or showing a requirement for materials of an even higher strength.
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