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[bookmark: _Toc106369712]Introduction
This report will review and utilise the ‘Design for Six Sigma’ (DFSS), methodology to produce two ‘creative design’ solution that will integrate a collaborative robot (Cobot) into a cyber-physical production system. DMADV framework will be followed, this will separate the design process into five phases which will; define the customer’s requirements and design objectives; measure the propriety of design features required to satisfy the customer’s needs; analyse the design priorities to produce ‘critical to quality’ milestones; design the product; verify that the product meets the customer’s needs (Yang & El-Haik, 2009).
Defining the customer’s needs and the design objectives will derive from an understanding of the customers problem and what they will be willing to pay, for a resolution (Mascitelli, 2004). The voice of the customer (VOC) is a principal feature of this phase and can be captured in a variety of different ways such as field reports; questionnaires; discussions (Yang & El-Haik, 2009). This report will use the customer specification (written in the report brief), as the VOC and discussions held with the ‘Cyber-physical Systems’ team at UWTSD for the ‘voice of the employee’ (VOE). 
A SIPOC Diagram will used to clearly identify the internal suppliers; inputs; processes; outputs; customers, of the process that the VOC and VOE requires that the design of the product to perform (Ahmed, et al., 2020). The SIPOC will be limited to itemising no more than seven ‘processes’ of the customers functional requirements, this will enable the design team to “brainstorm” effectively.
The design team shall consider the; VOC; VOE; the SIPOC diagram to “brainstorm” and create additional design requirements that might be beneficial to the process. The team will use an Ishikawa diagram for this, with the statement “Failure of automated offloading of finished goods from output station of cyber physical station” to provoke additional design ideas.  
The second phase of DMADV will utilise the Quality functional deployment methodology to translate the customers voice along with the attempt to understand the customer’s problem into technical characteristics of the product that is required (Oliveira, et al., 2020).The VOC and the Ishikawa diagram will be used to itemise design requirements in a ‘House of Quality’ matrix (Figure 3). The design team will identify product characteristics that can be controlled by the designer to provide the correct functionality, in the ‘House of Quality’ matrix (Figure 3). 
The importance of the relationship between a design requirement and a product characteristic is quantified with a calculation that produces a ‘weight/importance’ score that ranks each design characteristic. Analysis of each ‘weight/importance’ score will identify product characteristics that are critical to quality (CTQ). Each CTQ will be ranked in order of priority, to ensure that the design team remain focused on their objectives.
The ‘Design for excellence’ theory shall be employed during the design phase of DMADV to consider the life cycle of the product from perspectives such as assembly; manufacture; reliability; cost; environment (Mascitelli, 2004). Concepts shall be explored with the use of “solid works” software which will give an understanding of how each concept will interact within the system and provide technical drawings that will detail dimensions and tolerances.
During validation of the design concept, this report will conduct a design failure mode effect analysis (DFMEA). The DFMEA will be an attempt to identify potential failures associated with any proposed product design, this is to ensure that any failures would be resolved before the product would go to mass production.
A review of the ‘Design for excellence’ theory, used during the validation phase of the DMADV framework, which will provide substance for the concept design by demonstrating that the design considers the CTQ’s. A design for assembly exercise will be completed at the validation phase by using ‘Boothroyd & Dewhurst’s method’ for evaluating the design efficiency of the product with consideration to the assembly process. Additional exercises that employ the use of ‘the Lucas method’ for evaluating the difficulty of assembling the product will also be completed. 
[bookmark: _Toc106369713]Methodology
The specification of the product required by the customer, has been detailed within the design brief for this technical report and will be used as the VOC. Additional information provided by the ‘cyber-systems production’ team during a visit to the UWTSD, will be the ‘voice of the employee’. Both have been used to define the design objectives that are listed in Table 1.
[bookmark: _Ref105329948][bookmark: _Toc106369733]Table 1, Voice of the customer and Employee
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A technical report by Rajamani (2021), promotes the use of an Ishikawa or 6M methodology as a tool for developing a design during the ‘Design’ phase of the DMADV frame work. The report suggests the Ishikawa diagram would benefit a design for manufacturing and assembly process if used in conjunction with a SIPOC diagram. 
Suppliers, inputs, processes, outputs and customers are all categorised in a SIPOC diagram which outlines a process that a custom requires. The SIPOC diagram shown in  Figure 1 (Brown, 2018), evaluates the functionality of the process the customer requires, this helps the design team to ‘brainstorm’ and create an Ishikawa diagram (Figure 2). Figure 2 (Lucas & Lucas, 2019), shows the potential design failures of a design that maybe used to provide the customer with the required functionality.
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[bookmark: _Ref105936470]Figure 1, SIPOC of desired design requirements
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[bookmark: _Ref105434586]Figure 2, Ishikawa diagram illustrating possible failures of an automated offloading system
When producing a design for a new product it essential that each design criteria is measurable against the functionality the customer requires from the product (Shidpour, et al., 2016). This process will help the design team to remain focus on what is important. A case study of the design of industrial switchgear states that ‘Quality, Functional Deployment’ (QFD) and the ‘Design failure mode effect analysis’ (DFMEA) tools can be used during the ‘measurement’ phase of the DMADV framework (Bidikar, et al., 2021). 
Figure 3 show a QFD that considers the voice of the customer and the Ishikawa diagram that were both produced in the ‘define’ phase. The QFD translates the customers’ requirements into product characteristics the design team can control. The ‘importance’ of each of the customers’ requirements are quantified by evaluating how often they are associated with an item of the Ishikawa diagram (Figure 2). 
The QFD illustrates the design features that the design team should prioritise, Figure 3 shows that a design should be produced that attends the requirements list in the following order.
1. A design that maximises the manufacturing process
2. A design that minimises the assembly process
3. A design that has integrated intelligence
4. A design that selects a flexibly material
5. A design that can be dexterous enough to move the queued ‘Finished goods’
6. A design that has a material that is smooth
7. A design that enables the correct force to be applied
8. A design that has accurate tolerances
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[bookmark: _Ref106040230]Figure 3 A 'House of Quality' for design of new gripper

Concept 1
Concept 1 (shown in Figure 4 and Figure 5), comprises of four parts that need to be manufactured using four different processes which, might include electronic manufacturing; additive manufacturing; machining & milling; forging; welding. 
Part 4 is the ‘finished goods’ gripper this is made from a silicone rubber. The dimensions of the gripper require minimal force to be applied by UR3 to the ‘mobile phone’, the force will distort the silicone rubber enough for the ‘mobile phone’ to fit inside it’s cavity.
The design of the gripper will require poisons ratio to be calculated and remain within tolerance for the silicone rubber to apply enough pressure to the ‘finished goods’ to be able to form a grip but, not too much pressure that it will resist the pulse of air needed when required to release. 
The red circle shown on Figure 4 shows an extruded ‘lip’. The intention of the design is to use the UR3 to position the this ‘lip’ between the target ‘mobile phone’ and the ‘mobile phone’ that is queued behind. The UR3 will be programmed to move forwards which will push the queued ‘mobile phone’ back up the ‘output tray’ (shown in Figure 7). Once a gap has been created between the target and the queued ‘mobile phone’ the gripper can be lowered into position (shown in Figure 6). After ‘Robotino’ has lifted the target away, the queued ‘mobile phone’ will roll down the ‘output tray’ ready to be the next ‘finished goods’ to be picked (shown in Figure 8).
Part 3 is a base plate that has been designed to provide rigidity to part 4. The orange box shown in Figure 5 highlights a pneumatic port, there is another on the opposite side of the assembly. It is the intention of this concept to connect a pneumatic supply via a solenoid valve which will deliver a pulse of air onto the ‘top cover’ of the ‘mobile phone’, this will then force the mobile phone from part 4 and onto ‘Robotino’.
Part 2 is a ‘off-the-shelf’ low range load cell it will measure the weight of the ‘mobile phone’ once picked from the ‘output tray’. The UR3 will revert to a datum position when the loadcell weighs the product. If the loadcell detects that the UR3’s payload is too light, then the system can be programmed to send an alert to a team member notifying them of an assembly fault. The ‘mobile phone’ can then be deposited into a ‘reject bin’ and the process can resume.
Part 1 is an adapter plate that allows the Part 2 to be secured with two M2.5mm fixings, four bolts can then be used to secure the fixing plate onto UR3.
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                                                                                                                                                                                                     [bookmark: _Ref106370119][bookmark: _Ref106370152]Figure 4 side view of design concept 1
[bookmark: _Ref106370186]Figure 5, front view of design concept 1
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[bookmark: _Ref106360009]Figure 7 side view of concept 1
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[bookmark: _Ref106360198]Figure 8 design concept 1 lifting the mobile phone away
Concept 2
This design comprises of 1 part (Figure 9), which will be manufactured with recycled rubber, using laser sintering for 3D printing (Toncheva, et al., 2021). Figure 10 (B2B, 2019), shows a ‘Festo pneumatic gripper’ like that of the one currently being used in conjunction with the UR3 at the cyber-systems workshop. 
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[bookmark: _Ref106291054][bookmark: _Ref106291452]Figure 9 Gripper Finger                                                                      Figure 10 Festo Pneumatic Gripper

Two gripper fingers will be fixed either side of the pneumatic gripper, each secured with two M3 bolts. The UR3 will be programmed to manoeuvre into position above the target ‘mobile phone’, it will then slowly lower. The longer of the two fingers will gently press against the ‘top cover’ of the queued ‘mobile phone’, pushing it back up the ‘output tray’ towards the ‘CP Lab’ (as shown by the blue arrow in Figure 12). The shorter of the two fingers will lower to a position where it will be able to grip both the ‘base’ and the ‘top cover’ (Figure 11)
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[bookmark: _Ref106292589]Figure 12 Side view of Gripper fingers

The Festo pneumatic gripper will close, allowing both short fingers to form a grip on the ‘mobile phone’, the UR3 will then lift the ‘mobile phone away’. Once the target has been removed the queued ‘mobile phone’ will be free to roll back down the ‘output tray’ and into position to be picked. 
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Figure 13 Gripper fingers removing the target 'mobile phone'
Validation of each concept design was completed with the four separate evaluations of both products; A design failure mode effect analysis (DFMEA); the Boothroyd Dewhurst method for analysing design efficiency; the Lucas method for measuring the manual handling required to assemble; the Lucas method for measuring the difficulty of fitting together the separate parts of the assembly.
Table 2 and Table 3 shows the systematic approach for the DFMEA in an attempt of evaluate the potential risk of each concept failing, actions where then created in attempt to stop the failure mode before the concept goes into production (pornpibunsompop, et al., 2011). Attention should be drawn to the difference between the quantity of failures, concept design 1 has nine possible scenarios compared to concept 2 with only three. Possible reasons for this could be the quantity of different parts and the different manufacturing process used.
[bookmark: _Ref106303684][bookmark: _Toc106369734]Table 2 DFMEA for Concept 1
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[bookmark: _Ref106303691][bookmark: _Toc106369735]Table 3 DFMEA for Concept 2
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Table 5 and Table 4 show the results of the evaluation for design efficiency between both concepts (Culleton, et al., 2017). Concept 1 and concept 2 scored 73% and 100% respectively, the reduced quantity of parts and their essential requirement to the design contributed to concept 2’s score.

[bookmark: _Ref106304359][bookmark: _Toc106369736]Table 5 Design Efficiency for Concept 1[bookmark: _Ref106304364][bookmark: _Toc106369737]Table 4 Design efficiency for concept 2
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Table 6 and Table 7 detail the results of the ‘The Lucas method’ used to evaluate the manual handling required by the person assembling the product which will give a method to compare and contrast both concepts (Alfadhlani, et al., 2018). Concept 2 was the better design with a manual handling index of 10.6 compared to a manual handling of 20.8 for concept 1. Reasons for the better score would be contributing factors such as reduced quantity of parts; lighter parts; less complexed design of parts.
[bookmark: _Ref106304813][bookmark: _Toc106369738]Table 6 The Lucas method for evaluating Concept 1 manual handling
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[bookmark: _Ref106304818][bookmark: _Toc106369739]Table 7 The Lucas method for evaluating Concept 2 manual handling
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Table 8 and Table 9 show the results from an evaluation of the difficulty level required to assemble each of the concept designs. Concept 2 has the better index of both, the biggest contributor for this would be the reduced number of parts that were light weight.
[bookmark: _Ref106305420][bookmark: _Toc106369740]Table 8 The Lucas method for evaluating the difficulty for assembling concept 1
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[bookmark: _Ref106305422][bookmark: _Toc106369741]Table 9 The Lucas method for evaluating the difficulty for assembling concept 2
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[bookmark: _Toc106369714]Conclusions
The ‘house of quality’ in Figure 3 shows the priorities associated with the characteristics that need to be incorporated into the design and after consideration both ‘concept design 1’ and ‘concept design 2’ will be able to achieve the majority of the ‘critical to function’ items. 
However, the largest priority produced by the ‘house of quality’ was the necessity for the ability for product to be able to be massed produced through the maximisation of manufacturing process, ‘design concept 1’ does not achieve this objective. The ‘design concept 1’ will require multiply materials and skilled trades to produce each individual part. Once produced each part will need to be assembled the results recorded in Table 6 and Table 8 show that in comparison with ‘design concept 2’ this will be twice as difficult. The ‘design concept 2’ has as a simple design that could be massed produced with ‘additive manufacturing’ or ‘injection moulding’ but, it will not provide the intelligence of design concept 2.
The ‘design concept 1’ will be capable of being able to be programmed to enable the ‘Cyber-production system’ to recognise an assembly fault. Once the assembly fault has been identified the system will be able to process the fault and resume its production activities by continuing to the next  ‘finished goods’ to be picked. Design concept 2 will not have this facility therefore, at the point of an assembly failure a user or operator will need to interact with the process for production to resume. The interaction between a physical user or operator to resolve such issues, contradicts the theory of a ‘cyber-physical system’ (Sedigh & Hurson, 2012).
The DFMEA on both concept’s indicate the possibility of nine failures arising with ‘design concept 1’ compared to four with ‘design concept 2’. Additional resources are required in both the design phase and the installation/commissioning for ‘design concept 1’ to resolve the faults. In comparison, ‘design concept 2’ will require minimal resources to resolve all failures, in the design phase. 
A customer requirement not stipulated by the customer and not scrutinised by the design team was details of the budget constraints. The budget restraints would be instrumental in deciding which concept would be viable for this project. The cost associated with producing ‘design concept 1’ would be considerably more, due to the quantity of specific trades required to manufacture the assemblies multiple parts, and the cost of purchasing the load cell. Design concept 2 could be produced ‘in-house’ at a relatively low cost once the initial purchase of manufacturing equipment has been made.
The customer for this project is the UWTSD therefore, it has been assumed for this report that cost is a priority for the customer. It is for this reason that the design team endorses design concept 2 over design concept 1. 
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Figure 14, Specification of a low range loadcell.
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Figure 15 Specification of a Festo parrellel gripper tool
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Gripper base plate



Griper



Gripper fixing bolt



B&D Design Efficiency
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Lucas Method (Manual Handling Index)

A B C D Total 

UR3 Adaptor 1.5 0 0.5 0.4 2.4

UR3 to adapter fixing bolt 1 1.5 0 0.1 0.2 1.8

UR3 to adapter fixing bolt 2 1.5 0 0.1 0.2 1.8

UR3 to adapter fixing bolt 3 1.5 0 0.1 0.2 1.8

UR3 to adapter fixing bolt 4 1.5 0 0.1 0.2 1.8

Load cell 1.5 0.4 0.1 0.4 2.4

Load cell fixing bolt 1 1.5 0 0.1 0.2 1.8

Load cell fixing bolt 2 1.5 0 0.1 0.2 1.8

Gripper base plate 1 0 0.5 0.4 1.9

Griper 1 0 0.5 0.4 1.9

Gripper fixing bolt 1.5 0 0.5 0.4 2.4

Total  21.8
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Lucas Method (Manual Handling Index)

A B c D Total
Gripper finger 1 1 0 0.1 04 15
Gripper finger 2 1 0 0.1 04 15
Gripper finger fixing bolt 1 15 0 0.1 02 1.8
Gripper finger fixing bolt 2 15 0 0.1 02 1.8
Gripper finger fixing bolt 3 15 0 0.1 02 1.8
Gripper finger fixing bolt 4 15 04 0.1 02 2.2
Total 10.6
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Lucas Method (Fitting Index)

Process Step A B C D E F Total 

Install UR3 adapter 6 0 0.7 0 0 0 6.7

Install Load cell 6 0 0.7 0 0 0 6.7

install gripper and gripper base plate 6 0.1 1.2 1.5 0.7 0 9.5

Total  22.9
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Lucas Method (Fitting Index)

Process Step A B c D 3 F Total
install Gripper finger 1 3 0.1 07 0 0 0 6.8
install Gripper finger 1 3 0.1 07 0 0 0 6.8
Total 13.6
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F331 Fatigue Rated, High
Stiffness, Low Range 4
Loadcell, Rectangular

Housing

Standard Ranges 0.5, 1, 2.5, 5, 10 and
20N (50gf to 2kgf)

@ High stiffness / Minimal deflection
Deflection is 100% translational
Resistant to sideloads and force vectors
High thermal stability

Fatigue rated

Standard 1 year warranty

;’Spea ication

Parameter Value Unit
Non-linearity - Terminal Ax0.2 % RL
Hysteresis. A+0.1 % RL
Creep - 20 minutes Ax0.2 % AL
Repeatability A+0.02 % RL
Rated output - Nominal 0.6 mvN
Rated output - Rationalised 0.5 mvN
Rationalisation tolerance (applies to Ax0.5 % RL
single direction calibrations)

Output symmetry A+1.0 % AO
Fatigue Life 108 RLcycles
Zero load output A+10 % RL
Temperature effect on rated output A+0.005 % AL

per A°C

Temperature effect on zero load A+0.02 % RL

output per A°C
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Temperature range - Compensated -10 to +50 Acc

Temperature range - Safe -10to +80 Ac
Excitation voltage - Recommended 10 v
Excitation voltage - Maximum 10 v
Bridge resistance 350 ie
Insulation resistance - Mil 500 Mio
50Vdc

Overload - Safe 50 % RL
Overload - Ultimate 100 % RL
Weight - Nominal (excluding cable) 35 g

The standard range is manufactured in aluminium.

The F331 low range loadcell has been developed to meet a
growing need for h resolution, low range force
measurement with minimal translational deflection.

The high stiffness of these loadcells, combined with their robust construction, lends
themselves particularly well to dynamic and/or fatigue applications. The minimum
fatigue life of 108 fully reversed RL cycles can be greatly extended if the cycles occur
below full rated load. Both the F328 and F329 loadcell product types offer excellent
performance but rely on a comparatively low stiffness strain mechanism. The F329 in
particular requires a reduced output sensitivity in order to maintain some level of
robustness. The F331 on the other hand offers some advantages over both and also
benefits from a purely mechanical resistance to sideloads and vectors. Sideloads up to
25% RL can be withstood for as little as 2% RL error. Similarly, misalignment of up to 3°
swept 360° around the measurement axis typically yields no more than 1% RL error.
The strain section within the housing is a separate monocoque structure, allowing
repairs to be made quickly and cheaply in comparison to other low range loadcells.
Other housing designs and fixing arrangements are therefore possible. The F330 offers
the same ranges and performance in a circular housing. We are happy to design
variants of this loadcell to meet your specific requirements. Please consult our
engineering department.
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Eborder Codes

Code Description
F331CFOOHO Compression, unrationalised
F331TFOOHO Tension, unrationalised
F331UF00HO Bi-directional, unrationalised
F331CFOOHN Compression, unrationalised
F331TFOOHN Tension, IP65, rationalised
F331UFOOHN Bi-directional, rationalised

Dstructural Stiffness - Nominal

Range (kN) Stiffness (N/m)
05 1.0x 105

1 2.0x105

25 3.2x105

5 5.0x 105

10 8.3x105

20 1.3x 106
@otes

« AL = Applied load.
« RL = Rated load.

+ Temperature coefficients apply over the compensated range.

+ AO = Average of tension and compression outputs for ful load.

@ connections
The loadcell is fitted with 2 metres of PVC insulated 4 core screened cable type 7-1-4C.

Excitation + = Red, Excitation - = Blue, Signal + = Yellow, Signal - = Green, Screen = Orange.

Reverse the signal connections to obtain a positive signal in tension mode. The screen is not
connected to the loadcell body.
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