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[bookmark: _Toc106364680]Introduction
The purpose of this report is to explain the design and development activities carried out to design a suitable component for a particular application. Industrial control and automation manufacturers Festo wish to integrate a collaborative robot or cobot within a cyber-physical production system. The main function of the cobot is to unload finished goods from an output station and load them onto an autonomous guided vehicle (AGV) for transportation. The cobot handles fully assembled mobile phones. 

I have been tasked with designing a suitable robot gripper also known as an end effector, for the cobots main function. Appropriate design for assembly and design for manufacture principles have been applied in connection with the relevant design for manufacture and assembly tools and techniques to produce a suitable final design solution. Additionally, 3D CAD models and 2D engineering drawings of the final design solution have also been produced using Siemens NX 12 CAD software, to detail the final design. With measurements and design features taken from the existing CAD models provided of the mobile phones and cobot structure. 

The client also provided design requirements to be followed with the first point being that the final design should be appropriate for high-volume manufacturing. Furthermore, the gripper should be mechanically actuated meaning that the use of suction cups or magnets should be avoided. Finally, the design should be sufficiently robust to withstand sustained use within a production environment. 

























[bookmark: _Toc106364681]Quality Function Deployment
Quality Function Deployment (QFD) is a structured approach used to define customer requirements and then translate them into specific plans for producing a product to meet those needs according to (Kiran, 2017). The tool uses a graphical method to identify the customers’ needs both stated and unstated for the product, it then allows you to compare expectations and make decisions based on where the conflict. Key design features and requirements can then be developed and taken forward into the product development stage. A QFD was carried out for the cobot gripper, with the customer requirements implemented from the design brief to identify key design features. All design features were then analysed to determine their relationships and the risk of any conflicting customer requirements.

By using the QFD tool in figure one, ten main functional requirements were identified from the three customer requirements. The relationships between the customer and functional requirements were then analysed and then marked with either a strong, weak, moderate, or no relationship. Which is then used to measure the relative weight and importance of each customer requirement. The first two requirements had the same importance value with third following just behind although, the weight of all three requirements was even.

The correlation between each functional requirement was analysed and marked as either a strong positive, positive, strong negative, negative or no correlation. Most of the functional requirements had either a positive or no correlation and meaning no potential implications during the product development stage. However, a strong negative correlation was identified between easily machinable material and good toughness properties functions. The reason for this is that materials with high toughness are harder to machine as they wear down the cutting tools rapidly, resulting in more expensive tooling and higher costs. This is supported by (Wegener, Weikter, Kuster, Weiss, & Stirnimann, 2016) that explains materials such as Titanium Alloys with superior physical properties have significant implications during machining and cutting, due to excessive wear and heat on the tooling. It is important to consider that it is possible to gain a balance between both with appropriate material selection. The lightweight function was also met with negative correlations such as pneumatic driven gripper, as pneumatic systems will increase the weight of the gripper.

Finally, the direction of improvement was identified followed by the difficulty of achieving the functional requirements in the final design. The direction of improvements indicates whether the objective is to minimise, maximise or to hit a target, which further aids in the product development stage. Furthermore, the difficulty of achieving the requirement is scored between zero (easy) and ten (Extremely difficult) to achieve. All the functional requirements have been scored below five as it was decided that they were not difficult to achieve and implement into a final design solution.
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Figure 1: QFD spreadsheet for cobot gripper design (QFD Online, 2007).

[bookmark: _Toc106364682]Research
Following the functional requirements identified through the QFD process, research was conducted into potential concepts and design ideas with close attention to similar products currently available on the market. From the research conducted there are many pneumatic gripper types on the market and can be purchased as standard parts as either double or single acting configurations. A pneumatic gripper uses compressed air to operate gripper jaws to pick-and-place components with either two or three fingers. Parallel grippers move their fingers parallel in respect to the gripper body, they are the most common type use due to the simple design and easy installation (Tameson, 2022). 

[image: SMC 2 Finger Double Action Pneumatic Gripper, MHZ2-10D, Parallel Gripping  Type | RS Components]










Figure 2: Parallel pneumatic gripper (RS Components, 2022). 

[image: Parallell grippers in open and closed positions]










Figure 3: Direction and movement of fingers with a parallel type of pneumatic gripper (Tameson, 2022).

Although there are many pneumatic gripper types and configurations the parallel two finger option seems the most suitable for the required application and function. Additionally, customised, or purpose-built jaws can be easily installed to the grippers fingers for various applications and provides suitability for a range of different component shapes and sizes. Therefore, only the jaws requiring replacing before switching between different components during production runs. Saving both costs in tooling and mounting solutions in addition to time during start-ups and switchovers. This is also highlighted by (GripShape, 2022) that states selecting a standard actuator with a simple range of motion and being more creative with the finger design to achieve the same effect as the more expensive units.

Once a gripper actuator has been selected a mounting option must be adapted to secure the actuator to the robot arm. There are also many mounting options which depend on the requirements of the component size, weight, and orientation, it is also important to analyse the robot arm structure and range of movement. It has been identified that using minimal fixings in the assembly of the gripper is a functional requirement. One of the basic assembly techniques used for mounting applications is implementing the use of dowel pins. (Camillo, 2021) suggests that fastening pins and alignment dowels can be easily fitted into components to optimise part assembly and creates a bearing surface to reduce rotation. Therefore, this assembly technique will reduce the amount screw fixings required and improve the ease in which components can be assembled. 


[image: Selecting an air gripper: 8 questions to ask - Today's Medical Developments]

Figure 4: Gripper finger designs for two different applications in the medical and pharmaceutical industry (Labadie, 2020).

[image: robot-gripper-end-effector-universal-robots]
Figure 5: Example of gripper mounting option to robot arm, using multiple fixings. 

When considering material selection for the both the gripper and the mounting solutions, there were three main options that were found to be most suitable for the initial design requirements and were compared in table one.
	Material
	Advantages
	Disadvantages

	Steel Alloys
	· Fairly cheap material costs
· Good strength and toughness properties
· Easy to fabricate and machine.
· Easy to recycle

	· Some alloys are still vulnerable to corrosion
· Processing requires large amounts of energy
· Heavier than Titanium or Aluminium


	Aluminium Alloys
	· Light weight
· Corrosion resistant
· Easy to fabricate and machine
· 100% recyclable material
· Non-toxic material

	· Lower strength than Steel and Titanium
· Extraction process requires large amounts of energy and is not sustainable


	Titanium Alloys
	· Highly resistant to chemical attack
· Highest strength to weight ratio of any metal
· Easily recyclable
· Corrosion resistant 
· Biocompatible and stable

	· High material cost
· Difficult to machine 
· Loses strength at high temperatures
· Raw material Extraction causes damage to the environment



Table 1: Table compares potential materials disadvantages and advantages. 
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	Product Design Specification

	Requirements
	Description

	Performance

	1
	Provide firm grip
	Provide a firm grip to the mobile phone component avoiding risk of dropping.

	2
	Pneumatically driven
	The gripper is to be pneumatically driven using an industry standard pneumatic actuator.

	3
	Contact angle of 90 degrees
	Gripper must be able to move and contact the mobile phone at an angle of 90 degrees, with the output shelf angle of 8 degrees. 

	4
	Grip at front and back
	Fingers must grip the mobile phone component from the front and back. Avoid gripping position from the top to prevent accidental component disassembly.

	5
	Mounting solution
	Provide mounting solution for the gripper assembly to the cobot arm.

	Target Product Cost

	6
	Minimal product cost
	The total costs of the product materials and manufacturing should be as low as possible without the loss of functional or customer requirements.

	Size and Weight

	7
	Light weight design
	The Gripper assembly must be as light weight as possible to avoid strain on cobot arm. Gripper Mount must hold weight of gripper assembly. Gripper must effectively hold the weight of mobile phone component. Total weight must not exceed 5kg.

	8
	Fit within walls of shelf
	Gripper fingers should be no wider than 118mm to fit within the walls of the output shelf. The prongs should have sufficient clearance to avoid potential crash.

	Aesthetics and Finish

	9
	Industry grade finish
	Good industry standard finish on all machined parts, free of sharp edges. A minimum surface finish of 3.2 μm Ra is required on all machined parts.

	10
	Corrosion resistant
	Material is to be corrosion resistant and chemically stable. Option for protective coatings or paint if required. 

	Materials

	11
	Aluminium Alloy
	Aluminium Alloy to grade 6061 that is suitable for machining and sheet bending. Standard stock bar and sheet material to be used.

	Quality and Reliability

	12
	Maximum repetition accuracy
	Pneumatic actuator must provide maximum reputation accuracy. The gripper force and position should not fluctuate far from the nominal values.



Table 2: Product design specification.
Table 2: (Continued).

	Manufacturing Processes

	13
	Minimal components
	Use of minimal components in gripper assembly, including the mounting assembly.

	14
	Minimal fasteners
	The use of fasteners must be minimal in the assembly of the gripper and mounting to the cobot arm. 

	Environmental Effects

	15
	Recyclable materials
	Use materials that can be recycled or re-used where possible. 

	Standards and Specifications

	16
	Material specifications
	Aluminium Alloy standard stock bar to BS EN 754 and stock sheet material to BS EN 485. 

	17
	Drawing specifications
	Drawings dimensioning and tolerancing to follow BS 8888.


[bookmark: _Toc106364684]Failure Modes and Effects Analysis
Failure Modes and Effects Analysis (FMEA) is a structured process for assessing, quantifying, and reducing the risks associated with design elements (Kent, 2017). Therefore, the process is used to assess what features or modes of failure could affect the quality of product in the view of the customer. A plan or scope can then be established to see how these risks can be reduced or in some cases completely nullified. The most significant design features are identified followed by the actions that can be taken or have been taken to reduce any potential risks, which is then documented in a FMEA. (Taktak, Ganney, Long, & White, 2014) also highlights that human error is also considered during the FMEA process, which makes it particularly suited to analysing and identifying failures or faults in engineering design applications. 

The FMEA process was conducted for the cobot gripper for the task during the early design stages to identify potential modes of failure and their effects. The FMEA document can be found in figure six. This helps to implement preventative measures and design features that will reduce the effect, severity, or frequency of potential failures of the gripper design. This analysis was carried out in the early concept stages before the first CAD models were produced to ensure any design issues were amended and plans for reducing the effects were developed. Before a final design solution is submitted to the customer. 

Two main process functions identified through the FMEA was firstly, the gripper jaws opening or closing when activated. Followed by providing a firm grip onto the mobile phone component. The main potential failure modes identified involve the jaws not opening or closing correctly, unnecessary impact force of gripper on the component or a weak/no clamping force. Following these potential failures, the potential effects include failure to pick up the component, dropping the component or impact damage due to misalignment or unnecessary impact force, which all result in damage. The potential causes of the failure effects were then determined followed by the current process controls. 
The RPN number or risk priority number is calculated by multiplying the severity occurrence and detectability and is used as the risk priority level of the failure mode to prioritise the risks and make better decisions on the corrective actions (Hartwell, 2020). The highest available RPN value is 1000 meaning that all the RPN values calculated in the FMEA are low with minimal risk. Suitable process controls and recommended actions have been identified to successfully mitigate the potential failures. One recommended action involved implementing the use of rubber strips to the gripper fingers to further increase the grip on the component and significantly reduce the risk of dropping.

[image: ]Figure 6: Failure Mode and Effects Analysis (FMEA) for Cobot Gripper.
[bookmark: _Toc106364685]Design Solution
A final design solution was produced using Siemens NX 12 CAD software, this includes a 3D CAD Model of the complete gripper assembly and mounting solution to the cobot arm. 2D Engineering drawings were also produced for each component in the assembly and mounting solution and the assembly itself, excluding the fasteners and standard pneumatic actuator component. Models of the cobot arm and output station were provided for reference, with the measurements and tolerances of the gripper assembly based on these models. However, it is important to note that 2D engineering drawings of the cobot or output station were not provided and so only an estimate was made on tolerancing and dimensions. 

The complete gripper assembly solution consists of a standard Festo pneumatic parallel mechanical gripper actuator, with custom designed gripper fingers attached to the actuator jaws with two fasteners each. This provides a multi-functional option for the gripper with the ability to easily replace the fingers with multiple future designs when producing other components. A rubber strip has also been applied to the gripper fingers for increased grip and for preventing scratching or other surface damage upon contact. These Jaws are to be manufactured with Aluminium Alloy sheet material, through sheet bending to reduce cost. A small lip is also provided on the gripper fingers to aid grip and provide support from underneath the mobile phone component. 

The pneumatic actuator is then secured to a mounting bracket through two fasteners and locating rings to aid assembly. A tool mount then enables the gripper mount to be assembled to the cobot arm firmly. Two dowel pins are used to aid assembly of the gripper mount onto the tool mount and is then secured in place with two fasteners. Both components are to be machined using Aluminium Alloy. Although Fasteners are used throughout the assembly their use has been significantly reduced to a minimum and are used to provide simple assembly and manufacturing techniques. The pneumatic actuator is double acting and requires two signals to open and close. The airline supplies are then designed to be routed through the internal body of the mounts and into the interior of the cobot arm. The gripper mount has also been angled at 8 degrees to compensate for the angle of the output shelf, to ensure the gripper contacts the mobile phone at 90 degrees and does not rely on the motion of the cobot arm. 
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Figure 7: Mechanical Cobot Gripper and Mounting Assembly 2D engineering drawing.
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Figure 8: Mechanical Cobot Gripper and Mounting Assembly drawing 2D, demonstrating motion of gripper in both open and closed position.
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Figure 9: Tool mount component 2D engineering drawing.
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Figure 10: Gripper mount component 2D engineering drawing.
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Figure 10: Gripper front finger component 2D engineering drawing.
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Figure 11: Gripper back finger component 2D engineering drawing.
[bookmark: _Toc106364686]Finite Element Analysis
Finite element analysis (FEA) is a software method of predicting how a product reacts to real world forces and physical effects such as vibration, heat, and fluid flow (Autodesk, 2022). The main purpose of FEA is to determine if a component will fracture or wear out when used in the application it was intended for. It works by breaking down the components CAD model into thousands of finite elements, which are then used to predict the behaviour of the entire component by adding up every element results. (Zhuming, 2019) suggests that FEA is a task used for design analysis and applies external forces to a model in different potential scenarios to optimise the design solution. A common example of this is to use FEA to determine the components optimal shape and material thickness for a required load. To ensure that minimal material is used to save on cost and reduce weight but also a strong component that can hold the required forces is produced. 

FEA was conducted on two components of the gripper assembly and mounting solution using SolidWorks CAD software, with the CAD files exported from Siemens NX and imported into SolidWorks simulation application. The first component analysed was the gripper mount. A static force equivalent to the weight of the gripper assembly was applied to the component to determine how it would react and if the design was robust enough to hold such force. An estimated mass of 500g was calculated for the gripper assembly however, a mass of 1kg was to be applied to ensure the effectiveness of the component. The mass was then calculated as follows:



F = 1kg x 9.8m/s2 
F = 9.8N 

Therefore, a total force of 9.8N was applied to the gripper mount in a downwards direction from the bottom surface, as demonstrated by the arrows in figure twelve. With a fixed anchor on the right side of the gripper mount that would be fixed to the tool mount and gripper arm. A total force of 10N was also applied to the gripper finger components, at the surface that contacts the mobile phone component to represent the clamping force of the pneumatic actuator. This force value was taken from the average value on the specification sheet. A fixed anchor was placed at the fastening point on the inside flange of the gripper fingers. Results for the static displacement stress and strain were produced, with higher values displayed in red and yellow colour followed by green, moderate to blue, low.
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Figure 12: Static displacement of Gripper Mount component.
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Figure 13: Static strain rate of Gripper Mount component.
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Figure 14: Static nodal stress of Gripper Mount component.
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Figure 15: Static displacement of Gripper finger (front and back) components.
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Figure 16: Static strain rate of Gripper finger (front and back) components
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Figure 17: Static nodal stress of Gripper finger (front and back) components.

[bookmark: _Toc106364687]Conclusion
In conclusion, the final design solution is successful following the results of the FEA and provides a suitable solution to the customers’ requirements additionally, all the design specification factors have been successfully implemented. From analysing the images in figures twelve to seventeen no risks or areas of failure have been identified, with only increased levels of displacement towards the end of the gripper mount component and edges of the rubber strips on the gripper fingers. The displacement of the gripper mount is minimal and exaggerated for purposes of analysis and would not be a cause for concern. The rubber component is also intended to be deformed during the clamping process to aid grip and protect the mobile phones surface. Minimal stress and strain have also been recorded in both components with low values of stress predicted around the gripper fingers flange and the centre of the gripper mount. This is also expected and would not be a cause for concern. 

However, to improve the effectiveness of the gripper mount design a rib or spine should be added towards the end of the component running to the central cylinder, with the aim of reducing the displacement. Overall, the final design solution has implemented effective use of design for assembly, and design for manufacture principles and have used these tools effectively in producing a successful product. 
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Figure 18: Rendered model of the complete gripper assembly and mounting solution. 
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