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[bookmark: _Toc75207743]1: Introduction

Within this design study I will develop a 3-Jaw Gripper-end effector, which is to be used on co-bot systems.

The end effector will be used with a range of ‘pick and place’ operations.  I will use an existing concept design and consider and optimise the manufacturability of the system, in order to produce 1000 to 2000 pieces per week.
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[bookmark: _Toc75207744]2: Concept Design Appraisal 

The concept design used is already a functioning end effector.  Within this appraisal I will concentrate largely on where the existing concept design can be improved, in order to make it manufacturable.  I have identified the following deficits:

· The proposed design doesn’t feature any fasteners i.e. nothing to keep all the components together.  See Figure 1 below:

[image: A picture containing text, indoor, screenshot
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Figure 1 No fasteners

· There is no clearance between the jaw and the cylinder.  See Figure 2 below.  For the jaws to function correctly there should be a minimum amount of clearance between the jaws and the opening on the cylinder, where the jaws are fastened/located.

[image: Diagram, engineering drawing
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Figure 2 No clearances

· There are no type of bearings used at the movement points.  This will result in components prematurely wearing out or binding together and inhibiting their function.

· There is no room/space for fixings.  See figure 3 below. The holes that are in the mounting positions are very small and, therefore, limit the number of suitable fasteners that could be possibly used. The position of the holes doesn’t leave enough room for standard bolt heads or nuts. 
[image: A picture containing toy
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Figure 3 Bolts heads clashing

· The ends of the jaws are very thin.  See figure 4 below.  No matter what material is going to used, they are very likely to break through their ‘pick and place’ function. 
[image: A picture containing arrow
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Figure 4 Thin contact point on jaw


· There is no obvious method for connecting the motor to the drive worm shaft.

· The concept design doesn’t feature the ability to adjust or limit the amount of grip the jaws have on the components to be secured  


· Usually, pick and place end effectors feature some form of feedback to relay information to the Co-bot of the position of the jaws i.e. are they opened or closed. The Co-bot will send a signal to the motor to open or close the jaws.  It is important for the Co-bot to know that they have performed their function before moving in to pick up the component, as to not damage jaws or components.  This concept design does not have this feature.

· There is no feedback if the component is correctly secured – It is common for an end effector jaw to feature some form of feedback to the Co-bot to let it know that the component has been gripped correctly.  This could be something as simple as a proximity switch that will only be made/on when the component is correctly secured in the jaws. 


· It would be beneficial if the jaws featured some method of tailoring towards the components to be gripped – a possible effective feature could be the ability to add or change the position or shape of the contact point of the jaw, to be able to secure different sizes and shapes.


[bookmark: _Toc75207745]2.2: QFD – House of Quality

According to Cross (2000) a comprehensive method for matching customer requirements to engineering characteristics is the quality function deployment method (QFD). QFD recognises the person who buys the product is potentially the most important person in determining the commercial success of a product. An important tool of QFD is a house of quality matrix.  It’s called the house of quality because it’s shaped like a house, with a roof and a body. The matrix is used by separating customer needs from technical requirements and evaluating the two factors independently of each other, then correlating two types of requirements for implementation. (analytics, 2020).  See Figure 5 below:


[image: Diagram, engineering drawing
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Figure 5 house of quality for end effector
[bookmark: _Toc75207746]2.3: Design specification 

Ali Jahan (2016)states that a design specification is the minimum acceptance criteria and is developed from customer needs. For the purpose of this report, it was decided to base the design specification on the following four different headings: 
1. Market requirements: These include things such as target price range, point of sale or packaging requirements, appearance/image and anything deemed necessary to be able to sell a product.  

2. Life in service requirements: These requirements are needed to ensure that the product will work and can include the following: operating environment, reliability targets, maintenance requirements and Installation/commissioning requirements. 


3. Production requirements: These requirements are to ensure that the product can be made and can include things such as, target costs, quantities to be manufactured and product size and weight.

4. Conformance requirements: These are to ensure that the finished product complies with all legal and commercial obligations and can include the following: statutory requirements, industry standards, company standards and testing requirements.
Figure 6 below features a constructed design specification.
	Market Requirements 
	Life in service Requirements 
	Production Requirements
	Conformance Requirements

	End Effector will be painted in the companies’ standard colour – easily recognisable 
	End effector will be able to operate in temperatures between 0 > 40°c
	1000-2000 units per week
	All fully assembled end effectors to be 100% checked to a minimum level before leaving factory

	Priced at £1500-£1800
	Fingers will be fastened with standard fasteners
	Everything to be bought in except fingers
	ISO 8373:2012

	Packaged in 100% recyclable material
	Replaceable plain bearings on fingers
	Features on fingers to be machined in house 
	CE marked 

	Brochure including QR code for website
	End effector will be able to be installed by end use with the use of supplied instruction manual
	Target manufacture cost of £1000
	

	
	Any electrical components supplied to be IP 64 minimum 
	
	

	
	Life cycle = 10000 before plain bushes need replacing
	
	


Figure 6 a potential end effector design specification
[bookmark: _Toc75207747]3: Manufacturing Process Proposal

One of the first decisions to be made is which, if any, components or processes are to be outsourced. Team (n.d.) states that outsourcing can have a significant impact on a business and its bottom line.  It has the potential to reduce overheads and bring in fresh expertise but is not without its risks.  Losing control of propriety information and ending up with products or services that don’t meet your company’s quality standards is a potential pitfall to outsourcing. 
A tool that can help with deciding whether or not to outsource goods or a service is an outsourcing matrix:
[image: outsourcing matrix]
A large complex part of the end effector is the motor used to open and close the jaws.  To manufacture this part ‘in house’ would incur a large amount of investment and expertise.  It would also be very labour intensive and for that reason, on this occasion, this component would potentially be bought in, at as low a price as possible, to keep costs down.
Consideration should also be given to the accuracy of the finished components. In particular, the worm shaft and drive plate. To obtain the accuracy that is usually associated with these types of driven components would require machining to a tolerance grade of IT 5 or 6, which makes it more difficult to machine and, therefore, generally more expensive. See figure 7 the lower the IT grade the more expensive the process becomes.
[image: Table
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Figure 7 application of international tolerance grade range


For the purpose of this report, I shall be concentrating on manufacturing the jaws in house, as well as the full assembly of the end effector. 
William D Callister (2015, p. 585) states that ‘the suitability of a material for an application is dictated by economic considerations with respect to fabrication and processing applications’. 
I have decided that the jaws would be made from cold Rolled steel. Cold rolled steel has an increased strength over hot forged steel and a higher surface finish.   
The shape of the jaws will be cut out using water jet cutting and the features will be CNC machined “in house”.
Waterjet cutting features ultra-high-pressure water carrying abrasive grit to cut through the material in a sawing action, achieving a precision cut surface with relatively good surface area. A water jet is a very precise cutting tool that can be used on most materials, except highly brittle ones. 
Computer Numerically Controlled machining is a manufacturing process in which pre-programmed computer software determines the movement of cutting tools to perform desired cuts into material. 




















[bookmark: _Toc75207748]4: Design and Development Work Undertaken 

Design for assembly (DFA) principles are widely used in product/assembly design. There are many methods to maximise ease of assembly but commonly used industry approved methods are the Boothroyd-Dewhurst method and the Lucas method. 
Ulrich (1995) states that Boothroyd and Dewhurst advocate maintaining an on-going estimate of assembly costs and propose the concept of assembly efficiency. 
In order to determine the theoretical minimum number of parts, it helps to ask the following three questions:
1. Does the part need to move relative to the rest of the assembly?
2. Must the part be made of a different material?
3. Does the part have to be separated from the assembly for assembly access, replacement or repair?
Using the following flow chart, in Figure 8, it is possible to work out the efficiency of an assembly and help identify possible part reduction, not only to help reduce cost but also to speed up the assembly process. 
[image: page1image50400992]
Figure 8 Design efficiency flow chart
By evaluating each part with the flow chart to establish if it is essential or non-essential, then dividing all the essential parts by the essential plus the non-essential, then multiplying this by one hundred, it is possible to work out the design efficiency. As you can see, from Figure 9 below, using this method, the efficiency of the Co-bot end effector is 62.5%. Three components have also been identified as non-essential. 
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Figure 9 Evaluated design efficiency for complete end effector
Two products with an identical number of parts may still differ in assembly time, due to the actual time required to grasp parts, to correctly orientate and, for the required trajectory/geometry of the part to be inserted. To evaluate this, it is possible to use the Lucas handling and fitting index (see below).
[image: page1image37586352]
Figure 10 Scoring matrix for manual handling and fitting index


Whilst using the above table (figure 10) to score the handling and fitting efficiency of the components to be assembled, it is possible to highlight components that may require further design or eliminating. 

[image: Table
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Figure 11 End effector handling index

As you can see from the handling index above, Figure 11, the components with the highest score are the cylinder, motor, cylinder/jaw fasteners and drive plate/joint fasteners. 

[image: Table, calendar

Description automatically generated]
Figure 12 End effector fitting index

After completing a fitting index (see Figure 12 above) the following processes were identified as possible areas where the assembly process could be improved.  These are assembling shaft to motor and assembling joint plates to drive. 



[bookmark: _Toc75207749]4.1: Proposed design improvements 

To aid in assembling the motor to the cylinder, it would be beneficial to the assembly process to make both parts self-aligning as suggested by Boothroyd and Dewhurst. This could be achieved by creating a taper at the face of the cylinder where the motor and cylinder meet.   See Figure 13 below:
[image: Shape
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Figure 13 section view to show mating tapered faces of motor and cylinder

To increase assembly efficiency and reduce components the fasteners and join plate could be integrated into one part. One method to do this could be to create a join plate with push fit rivets incorporated. Although components like this are generally plastic and their function would need to be considered, if this type of material was to be used.  Please see Figure 14 below.

[image: Diagram, engineering drawing
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Figure 14 Possible push fit join plate


An important characteristic of a products architecture is its modularity. A modular architecture has the following properties:
· Components that implement one or a few functional elements in their entirety 
· The interactions between components are well defined and generally fundamental to the primary function of the product. 

Some motives for this include:
· Upgrade: user needs and technology evolves.
· Add-ons: Many products are sold as basic units and end users can add components. 
· Adaption: Products may be used in different environments. 
· Wear: Products deteriorate with use and replacing worn components extend the life of the product.
· Consumption: Many products consume materials and can then be easily replenished.
· Flexibility in use: Some products can be configured for different capabilities.
· Reuse: In creating subsequent products, the company may wish to change only a few functional elements while retaining the rest of the product intact.
In the above cases a modular architecture allows minimal physical changes to achieve a functional change (Karl T. Ulrich, 1995).
For this reason, it may be beneficial to use a modular designed jaw, as shown below at Figure 15:
[image: Diagram
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Figure 15 Exploded diagram of the modular designed jaw

If the end effector was to feature this proposed design of the jaw, it would allow the end user to replace only a small part of the jaw and would mean the company wouldn’t have to redesign the whole jaw. The end product could also be adaptable to the end user requirements without configuring the majority of the end effector. 
I have also included an error proofing (poka yoke) feature in the form of a mating cut in both parts of the jaw, meaning that they can only be assembled in one possible way. This could also be advertised as a feature for the end user in the form of a quick change over feature. In the event of the end user needing to replace a jaw because of damage or product change over, this feature will provide the end user the opportunity to replace the component with only removing one screw and zero risk of re-assembling incorrectly.  
The jaw also features a replaceable bearing for maintenance applications. 
As these components are to be manufactured ‘in-house’ some process drawings would be required.  These process drawings would need to feature Geometric Dimensioning and Tolerancing. In order to achieve a nice fit on the mating cuts between the two jaws, a feature tolerance would be beneficial.  Here, in figure 16, you can see a parallel feature control with a tolerance 0.2mm with respect to datum A.
[image: Diagram, engineering drawing
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Figure 16 Potential in process drawing featuring GD&T











[bookmark: _Toc75207750]4.2: The proposed full assembly 

Here is an image of the proposed full assembly, in figure 17:
[image: ]
Figure 17 Rendered image of fully assembled end effector design
[image: Diagram, engineering drawing
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Figure 18 Assembly drawing featuring parts list
The jaws could be fastened to the cylinder with clevis pins and retained with split pins.  All fasteners used are widely available ISO metric fasteners.  See Figure 19 below re: Bill of material, that could be utilized by the purchasing department.
[image: Graphical user interface, text, application
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Figure 19 BOM: Bill of materials
[bookmark: _Toc75207751]5: Manufacturing Process Design 

An important aspect of design for manufacture is to anticipate potential failures in the assembly process, asses the risk that these failures pose and what effect they would have on the assembly process. To do this, an FMEA analysis could be conducted. FMEA is a systematic approach to evaluating processes and assessing the relevant impact of failure, with the outlook to prevent that failure in a pro-active manner. Please see below, at Figure 20, a potential FMEA analysis completed for the end effector assembly. 

[image: Table
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Figure 20 FMEA analysis performed on some assembly processes

[bookmark: _Toc75207752]5.1: Lean assembly layout

Bicheno (2009, pp. 121-128) tells us that ‘a lean layout sets the framework for any lean transformation and getting the layout correct is important because you may have to live with poor results from a bad layout for years’. 
Assembly cells are advantageous to a lean manufacturing environment and should be utilized where possible.  They bring the following advantages: reduction in inventory, simplified control, early identification of quality problems, improved possibilities for job rotation and, volume flexibility with increasing the number of workers. Important consideration to any working environment, not just a lean environment, is ergonomics.  Lean environments favour standing, rather than sitting.  This allows movement between workstations and better posture. TPM and quality control gauges should also be designed with ergonomics in mind, with operational ranges clearly colour marked. (John Bicheno, 2009)
See figure 21 & 22 for the proposed machine and assembly line layout and a potential assembly sequence. 
[image: Diagram
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Figure 21 Machine and assembly layout
[image: Diagram
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Figure 22 Exploded with assembly steps
[bookmark: _Toc75207753]6: Conclusion

By using the Boothroyd & Dewhurst and Lucas methods, I have been able to focus this design task in the areas of where to make changes, as well as giving a sense of direction, as to where I could improve the design.  
This design task is limited in its scope, in that it is only a brief exercise in using the different design tools and processes for product development.  Despite this, it has been a useful exercise in identifying what can be achieved.
If I had more time, I would have liked to have addressed the method used to connect the motor to the worm shaft.  I was also unable to address the implementation of some method of feedback from the jaw to the Co-bot, to identify that the component is correctly located.  I also had some ideas in respect of possible methods for adjusting the clamping force of the jaws, which I have not been able to address within this task.
I believe that the improvements that I have made within this design task have made the concept design more manufacturable.
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