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Synopsis

Statistical ideas and methods can make a contribution to a very wide range of engineering activities. We give a generic description, in the form of a diagram and a table, of the product creation process, the tasks that are involved in taking a product "from concept to customer".  We list the statistical ideas and methods that are helpful at each stage.  We look at three topics in more detail: the use of transfer functions in engineering, design optimisation (with an emphasis on robustness) and the study of a manufacturing process, motivated by a link to product design.

Introduction

As the title suggests, the scope of this paper is fairly broad. Our aims are

 to provide an overview of the application of statistics to the activities of a typical engineering-based manufacturing company

 to select a number of activities and indicate, without getting bogged down in detail, the role that statistics can play.

In order to meet these aims we have assembled a generic description of the product creation process, the cycle of activities that are involved in taking a product “from concept to customer”.  For each activity we have indicated the statistical ideas or methods that can, in our experience, be helpful.  We then look at three specific topics selected from the generic model.

Although our description is generic, this paper is not a survey and is not intended to include every engineering activity to which statistics is or could be applied. We hope that it is internally coherent but we see this as work in progress, and would welcome suggestions for improvements, either to the description of the generic cycle or to the identification of relevant statistical ideas.

The product creation process

We use a diagram (Figure 1) and a table (Table 1) to represent the cycle of activities that we want to focus on. We use the word “cycle” to acknowledge the fact that very few products are planned without reference to the experience gained in designing and manufacturing a preceding, probably similar, product.
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Figure 1  Product creation cycle

Table 1  Engineering activities and relevant statistical ideas

	Engineering activity
	Task
	Issues and questions
	Relevant statistical ideas and methods

	Identification of customer requirements
	Defining the customer
	How much do customer requirements vary?
How much of this range do we want to address with this product?
	Dot plot,  box plot

	
	Translation to the engineering domain
	When we translate from customer perceptions to measures of engineering function, which engineering measure is the best translation?  How good is the translation? 
	Scatter plot
Simple linear regression
Pearson correlation coefficient

	Concept generation 
	
	
	

	Concept evaluation and selection
	Study transfer functions 
	What is the transfer function for a key design factor under nominal conditions?
	Linear and polynomial regression in one x-variable 


	
	
	For "dynamic" (input/output) systems, what is the transfer function for the input signal and a key design factor under nominal conditions?
	Full factorial experiment; multiple regression for fitting a quadratic surface in two x-variables; statistical model with deterministic and random components; surface plot; residual plots

	
	Robustness assessment
	How robust is the output under varying (noise) conditions?
	Full or fractional design in noises or noise effects, at each input level; robustness metrics; main effects and interactions; confounded effects

	
	Study transmitted variation
	For systems where output is a known function of component characteristics, how much variation is transmitted from components to output?
	Variance transmission formulae (variance synthesis)

	Manufacturing concept evaluation
	 
	What is the transfer function for key process variables under nominal conditions?
	Designed experiments; multiple regression

	
	
	How robust is the proposed process?
	Full or fractional two-level design in the noises 

	
	
	How much piece-to-piece variation will there be, based on historic data or prototype processes?
	Probability distribution as model of variation; "sigma" for a process; using sample data to generate estimates

	Design optimisation with a view to robustness
	
	What outputs are required from sub-systems to give optimal performance at system level (where optimality takes account of targets, constraints, cost and robustness)?
	Statistical emulation of output from CAE simulation code, using polynomial models fitted by least squares; model selection methods; special designs for computer experiments; spatial stochastic process models

	
	
	What outputs are required from components to give optimal performance at sub-system level?
	Response surface designs for experiments on hardware

	Design verification
	 
	How robust is the output under varying (noise) conditions?
	Full or fractional two-level design 

	Control planning
	Process character-isation
	Identify significant process characteristics for control
	Two-level screening experiments, looking for location effects; half normal plots of factor effects; analysis of variance

	
	Process optimisation
	Select nominals for process characteristics, aiming to be on target with minimal variation
	Response surface experiments on processes; mean and variance modelling

	
	Gauge studies
	How repeatable/
reproducible are the key measurement processes?
	Sources of variation; components of variance (one and two-way random effects ANOVA)

	Process monitoring and continuous improvement
	Process monitoring
	Are we on target?
How much variation is there?
What is its nature?
Is it in line with expectation?
	Probability distribution as model of stable variation; sources of variation; common and special causes; using sample data; Shewhart charts

	
	Process control
	What actions are needed to maintain high quality?
	Shewhart charts and extensions; cusums; hybrids of statistics and control engineering

	
	Problem solving
	The output is too low (too high); we need to establish causal links to other variables
	Scatter plots; regression for "passively" collected process data

	
	Process improvement
	The output is too variable; what sources of variation might we try to control?
	Two-level screening experiments, looking for location effects on the output; Shewhart charts on process factors

	
	
	Can the process be made more robust to these sources of variation?
	Experiments to measure dispersion effects

	
	
	How else can variation be reduced?
	Shewhart charts on the output, looking for clues to sources of variation

	
	Analysis of field data
	What does warranty and field data tell us about noise factor effects?
	Fitting probability models of lifetime data


Note that several ideas and methods occur more than once in the final column.  We have not come across a statistical method that assists the creative process of concept generation, but would like to discover one! 

In the next three sections we look at three of the "Activities" or "Tasks" in Table 1, illustrating the ideas by reference to the problem of designing the clip on the fuel filler flap of a car.  Further details of the statistical methods we refer to can be found in the books listed in the Bibliography.

The main drawing in Figure 2 shows, in plan view, a horizontal section through a typical plastic filler flap and cup.  The flap and cup are connected by a hinge near the left edge of the section.  The flap is retained in its closed position by the interference between a "pin" which is actually a thickening of part of the moulded cup, and jaws which are moulded in one piece with the flap.  Vertical sections through the hinge and clip are shown at a larger scale below the main drawing in Figure 2.  The customer opens the flap by pulling on a small lip, and most of the customer's effort goes towards deforming the pin and/or the jaws.  The pin diameter is about 8mm and it has a hole through the centre to allow it to be deformed more easily.
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Figure 2  A plastic fuel filler flap and cup

Although Figure 2 is based on a real example, the curves and data values which appear in the following discussion are fictitious.

Transfer functions

Figure 3 shows a plausible transfer function that describes the relationship between the pin/jaws interference and the opening effort, for specific choices of material.  Functions like this can be used to evaluate a new concept, by verifying that for some feasible value of a key design variable, a specification or target level of output can be met.  In this case the key design variable is the interference, and for one particular vehicle type there was an upper specification limit of 15N (but no lower limit) on the opening effort. 

Compared with the traditional "make it and test it" approach, the study of transfer functions requires the commitment of more resources in the short term, but generates more knowledge that can be put on the "bookshelf".  In the current example, the clip might be designed to have a nominal interference of 1.2mm, but if another type of vehicle had a similar but smaller flap, the reduction in leverage available to the customer would demand a reduction in the opening effort. The transfer function would then be available to guide the re-design of the clip.
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Figure 3  Transfer function for interference and opening effort
Transfer functions come from theory, from testing, or from a mixture of both.  In the case of the fuel filler flap, no detailed theoretical model is available to predict the opening effort, so the shape of the curve can only be obtained from hardware tests.  Suppose that five clips were made with different levels of interference, and the opening efforts measured.  For simplicity we make the rather implausible assumption that only one measurement is made at each level of interference.  The hypothetical data is plotted in Figure 4.
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Figure 4  Hypothetical measurements of opening effort

The role of statistics is to:

 fit a line or curve (e.g. by minimising the sum of squared residuals to get a least squares fit)

 check data quality and fit using residuals

 generate measures of prediction accuracy that can be compared to engineering requirements

 suggest how the "fit" could be improved, but only if the engineering requires it.

The residuals are the vertical distances from the points to the line or curve. 

In this paper we will not be conducting any detailed statistical analysis.  We simply note that in Figure 4, although the points are roughly in a straight line, the true function is almost certainly a rising curve.  Figure 3 is in fact the least squares quadratic curve through the data.

Design optimisation with a view to robustness
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Figure 5  Transfer function surface

In Figure 5 we have extended the transfer function idea to include a second "x-variable" or factor, the diameter of the hole through the pin.  The function is now represented by a surface. A smaller range of interference values is shown, but the shape of the function for a small hole corresponds to the curve shown in Figure 3.  For a larger hole the curvature is less pronounced, so that the higher values of interference do not generate such large efforts.  The explanation for this behaviour is that the extra deformability provided by the hole only makes a difference when a relatively large interference has to be overcome.  For smaller values of interference the surface is virtually flat parallel to the hole size axis.

A rectangle is drawn on the floor of the plot to indicate that if the interference was set at a nominal value of 1.2mm, the true value might vary in practice from about 1.0 to 1.4mm due to the influence of noise factors (sources of variation) such as:

 changes in ambient temperature in use

 moulding variation

 variable conditions in the cooling-off period after moulding

 assembly variation.

To simplify the discussion we assume that the variation in interference is due mainly to variation in the gap in the jaws (at a fixed temperature) and to temperature changes, as shown in Figure 6.
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Figure 6  Two sources of variation in interference

Note that in Figure 6 we simply "add" the variability due to temperature to the variation in the gap: we return to this point later.  Implied in Figure 6 is the key point that it is important, when considering the effects of noise factors such as temperature, to look first at their physical effect on the components of the system (changes in dimensions, material properties, electrical properties, and so on) and hence try to deduce their effect on measures of function such as the opening effort.

With the smallest hole size and an interference of 1.4, following the dashed line up to the surface shows that the effort is around 15N, which is only just acceptable in our scenario.  Using a larger hole would reduce this to about 12N.  Because the effort is essentially “flat” for small interference values, the range of efforts has been reduced i.e. this is a more robust design, in Taguchi's sense.  It might even be possible to increase the nominal interference and stay within specification.  The lowest efforts would be increased, and this is a benefit because these flaps have been known to open on their own when the car is cornering, particularly when a high ambient temperature softens the plastic.

In general, having defined a key measure of function for the device, we want to find the design that has least variation in that measure, subjects to constraints that arise from targets or specification limits, the physical dimensions of the device, possible effects on reliability, and of course cost. This is a constrained optimisation problem.  In general there will be too many variables for the problem to be solved by inspection of a diagram – we need mathematical techniques which operate directly on the transfer function (or transfer functions, if the system has more than one key output or performance measure).

In design optimisation, one role of statistics is, as before, to fit surfaces to data.  Equally important, statistics provides economical experimental designs (test plans) from which the data needed to define the surface can be collected.  For example, in a two-factor situation like Figure 5 an acceptable surface can often be obtained from a three-level full factorial design in which nine combinations of interference and hole size are tested, as in Table 2.

Table 2  A full factorial test plan for fitting a surface

	Test no.
	Interference (mm)
	Hole size (mm)

	1
	0.8
	2

	2
	0.8
	3

	3
	0.8
	4

	4
	1.2
	2

	5
	1.2
	3

	6
	1.2
	4

	7
	1.6
	2

	8
	1.6
	3

	9
	1.6
	4


Studying a manufacturing or assembly process 

The term Statistical Process Control is often used rather loosely to describe almost any application of statistical methods to a manufacturing process.  In Table 1 we have suggested that there are several distinct questions that may lead to such an application, and that different techniques are relevant to different questions.

For design optimisation we need early answers to questions such as: how much process variation is there, and what is its nature?  We assumed that the true value of the interference might vary by up to 0.2mm from nominal, but if the range is actually much bigger, there will be some unacceptable opening efforts despite the extra robustness generated by the larger hole size. 

We assume that the gap variation shown in Figure 6 comes from the manufacturing processes. Manufacturing variation is often described by means of a "sigma" (().  In other words, we think of it as random variation that can be described by a probability distribution (Figure 7).
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Figure 7  Hypothetical probability distribution for the gap

For the distribution curve in Figure 7, ( is 0.04, and the range attributed to variation in the gap (Figures 6 and 7) is (3(, or 0.24mm.  The curve in Figure 7 is Normal or Gaussian, and although the exact shape is unimportant (( can be defined by an integral for any curve) the (3( rule of thumb will break down if the shape of the curve is highly asymmetric.

As an aside, note that when we look at the complete list of noise factors, we may well find several whose variation is most naturally described by a probability distribution; we will then need to use a variance transmission formula (also known as variance synthesis) to deduce their net effect on the interference.

Statistical analysis allows us (given sufficient data) to characterise the shape of the curve in Figure 7, and to come up with a plausible value for (. Shewhart (control) charts can be used to check that it is sensible to think of the variation in the gap as random.  Figure 8 shows a chart of some hypothetical data.  The points that lie outside the Shewhart limits indicate that this variable is subject to "special cause" as well as "common cause" variation, so the simple model pictured in Figure 7 is inadequate.  The presence of special causes can make it very hard to predict the range of output variation, though it is sometimes possible to construct a more complicated process model that does allow prediction. 
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Figure 8  Shewhart chart for hypothetical gap data

Finally, we change the scenario.  We now suppose that a study of the transfer function along the lines above has indicated that there is no choice of nominals (for interference, hole size, and so on) that will generate an acceptable range of variation in opening effort, assuming a process distribution like Figure 7.  The options are then to make some fundamental change to the design or to ask for less manufacturing variation, commonly known as "tightening the tolerances".

To reduce manufacturing variation, we generally need to know where it is coming from, though it may be possible to use robustness ideas on the process as well as the product, i.e. to look for process settings which reduce variation in the output.  It is usually necessary to tighten control over at least one process parameter. Existing process knowledge may suggest where to tighten up, but it would be better to run a designed experiment, looking for process factors that have a strong influence on the output and are themselves subject to variation.  Although a "downstream" control chart like Figure 8 can be useful, by providing clues to sources of variation, control charts of process parameters are likely to contribute more to the reduction of variation.
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