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16 Control of Manufacturing Quality



The deﬁnition of quality has evolved over the past century from meeting the engineering speciﬁcations of the product (i.e., conformance), to surpassing the expectations of the customer (i.e., customer satisfaction). Quality has also been deﬁned as a loss to customer in terms of deviation from the nominal value of the product characteristic, the farther the deviation the greater the loss. The management of quality, according to J. M. Juran, can be carried out via three processes: planning, control, and improvement. Quality planning includes the following steps: identifying the customer’s needs/ expectations, designing a robust product with appropriate features to satisfy these needs, and establishing (manufacturing) processes capable of meeting the engineering speciﬁcations. Quality control refers to the establishment of closed loop control processes capable of measuring conformance (as compared to desired metrics) and varying production parameters, when necessary, to maintain steady-state control. Quality improvement requires an organization’s management to maximize eﬀorts for continued increase of product quality by setting higher standards and enabling employees to achieve them. A typical goal would be the minimization of variations in output parameters by increasing the capability of the process involved by either retroﬁtting existing machines or acquiring better machines. Among the three processes speciﬁed by Juran for quality management, the central
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issue addressed in this chapter is quality control with emphasis on on-line control (versus postprocess sampling): measurement technologies as well as statistical process control tools. Cost of quality management has always been an obstacle to overcome in implementing eﬀective quality control procedures. In response to this problem, management teams of manufacturing companies have experimented over the past several decades with techniques such as (on-line) statistical process control versus (postprocess) acceptance by sampling, versus 100% inspection/testing and so on. For example, it has been successfully argued that once a process reaches steady-state output in terms of conformance, it would be uneconomical to continue to measure on-line every product feature (i.e., 100% inspection), though a recent counterargument has been that latest technological innovation in measurement devices and computer-based analyzers do allow manufacturers to abandon all statistical approaches and instead carry out real-time quality control. Furthermore, it has been argued that new approaches to quality control must be developed for products with high customization levels achievable in ﬂexible manufacturing environments. No matter how great is the cost of quality control implementation engineers must consider the cost of manufacturing poor quality products. These lead to increased amounts of rejects and reworks and thus to higher production costs. Dissatisfaction causes customers to abandon their loyalty to the brand name and eventually leads to signiﬁcant and rapid marketshare loss for the company. Loyalty is more easily lost than it is gained. As will be discussed in greater detail later in this chapter, quality is commonly measured by customers as deviation from the expected nominal value. When



FIGURE 1



Quality control.
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FIGURE 2 Variability about the nominal value.



two companies manufacture the same product, and equal percentages of their product populations fall within identical speciﬁcations (i.e., between LSL and USL: lower and upper speciﬁcation limits, respectively), the company with the lower variation about the nominal value provides better customer satisfaction (Fig. 1). Naturally, a company with the lowest variation as well as the lowest percentage of the population of their products within their speciﬁcation limits will have the best quality and the highest customer satisfaction (Fig. 2). It has been erroneously argued that high-quality products can only be purchased at high prices. Such arguments have been put forward by companies who scrap their products that fall outside their speciﬁcation limits and pass on this cost to the customers by increasing the price of their within-limits goods. In practice, price should only be proportional to the performance of a product and not to its quality. For example, a Mercedes-Benz car should deserve its higher price in comparison to a Honda or a Ford because of its higher performance with equivalent quality expectation by the customers.



16.1



MODERN HISTORY OF QUALITY MANAGEMENT



Quality management in the U.S.A. suﬀered a setback in the early 1900s with the introduction of F. W. Taylor’s division-of-labor principle into (massproduction-based) manufacturing enterprises. Greater emphasis on productivity came at the expense of quality when workers on the factory ﬂoor lost ownership of their products. Quality control became a postprocess inspection task carried out by specialists in the quality-assurance department disconnected from the production ﬂoor.
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The subsequent period of the 1920s to the 1940s was marked by the utilization of statistical tools in the quality control of mass produced goods. First came W. A. Shewart’s process control charts [now known as statistical process control (SPC) charts] and then the acceptance by sampling system developed by H. F. Dodge and H. G. Romig (all from Bell Laboratories). The 1950s were marked by the works of two modern pioneers of quality, W. E. Deming and J. M. Juran. Although both advocated continued reliance on statistical tools, their emphasis was on highlighting the responsibility of an organization’s high-level management to quality planning, control, and improvement. Ironically, however, the management principles put forward by Deming and Juran were not widely implemented in the U.S.A. until the competitiveness of U.S. manufacturers was seriously threatened by the highquality products imported from Japan in the late 1970s and the early 1980s. Two other modern pioneers that contributed to quality management in the U.S.A. have been A. V. Feigenbaum and P. Crosby. Prior to the 1960s, products manufactured in Japan were plagued with many quality problems, and subsequently Japanese companies failed to penetrate the world markets. Behind the scenes, however, a massive quality improvement movement was taking place. Japanese companies were rapidly adopting the quality management principles introduced to them during the visits of Deming and Juran in the early 1950s as well as developing unique techniques locally. One such tool was K. Ishikawa’s cause-and-eﬀect diagram, also referred to as the ﬁshbone diagram, which was developed in the early 1940s. The Ishikawa diagram identiﬁed possible causes for a process to go out of control and the eﬀect of these causes (problems) on the process. Another tool was G. Taguchi’s approach to building quality into the product at the design stage, that is, designing products with the highest possible quality by taking advantage of available statistical tools, such as design of experiments (Chap. 3). In parallel to the development of the above-mentioned quality control and quality improvement tools, the management of many major Japanese organizations strongly emphasized company-wide eﬀorts in establishing quality circles to determine the root causes of quality deﬁciencies and their elimination in a bottom-up approach, starting with the workers on the factory ﬂoor. The primary outcome of these eﬀorts was the elimination of postprocess inspection and its replacement with the production of goods, with built-in quality, using processes that remained in control. Japanese companies implementing such quality-management systems (e.g., Sony, Toshiba, NEC, Toyota, Honda) rapidly gained large market shares during the 1970s to the 1990s. In Europe, Germany has led the way in manufacturing products with high quality, primarily owing to the employment of a skilled and versatile
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labor force combined with an involved, quality-conscious management. Numerous German companies have employed statistical methods in quality control as early as in the 1910s, prior to Shewhart’s work in the late 1920s. In the most of the 20th century, the ‘‘Made in Germany’’ designation on manufactured products became synonymous with the highest possible quality. In France and the United Kingdom, awareness for high quality has also had a long history, though, unlike in Germany, in these countries high quality implied high-priced products. Participation in NATO (the North Atlantic Treaty Organization) further beneﬁted the above-mentioned and other European countries in developing and utilizing common quality standards: in the beginning for military products but later for most commercial goods. The most prominent outcome of such cooperation is the quality management standard ISO-9000, which will be brieﬂy discussed in Sec. 16.6.



16.2



INSPECTION FOR QUALITY CONTROL



Inspection has been loosely deﬁned in the quality control literature as the evaluation of a product or a process with respect to its speciﬁcations—i.e., veriﬁcation of conformance to requirements. The term testing has also been used in the literature interchangeably with the term inspection. Herein, testing refers solely to the veriﬁcation of expected (designed) functionality of a product/process, whereas inspection further includes the evaluation of the functional/nonfunctional features. That is, testing is a subset of inspection. The inspection process can include the measurement of variablevalued features or the veriﬁcation of the presence or absence of features/ parts on a product. Following an inspection process, the outcome of a measurement can be recorded as a numeric value to be used for process control or simply as satisfying a requirement (e.g., defective versus acceptable), i.e., as an attribute. Increasingly, with rapid advancements in instrumentation technologies, two signiﬁcant trends have been developing in manufacturing quality control: (1) automated (versus manual) and (2) on-line (versus postprocess) inspection. The common objective to both trends may be deﬁned as reliable and timely measurement of features for eﬀective feedback-based process control (versus postmanufacturing product inspection). Tolerances are utilized in the manufacturing industry to deﬁne acceptable deviations from a desired nominal value for a product/process feature. It has been convincingly argued that the smaller the deviation, the better the quality and thus the less the quality loss. Tolerances are design speciﬁcations,
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and the degree of satisfying such constraints is a direct function of the (statistical) capability of the process utilized to fabricate that product. For example, Process A used to fabricate a product (when ‘‘in control’’) can yield 99.9% of units within the desired tolerance limits, while Process B also used to fabricate the same product may yield only 98% of units within tolerance. Prior to a brief review of diﬀerent inspection strategies, one must note that the measurement instruments should have a resolution (i.e., the smallest unit value that can be measured) an order of magnitude better than the resolution used to specify the tolerances at hand. Furthermore, the repeatability of the measurement instruments (i.e., the measure of random errors in the output of the instrument, also known as precision) must also be an order of magnitude better than the resolution used to specify the tolerances at hand. For example, if the tolerance level is F0.01 mm, the measurement device should have a resolution and repeatability in the order of at least F0.001 mm. 16.2.1 Inspection Strategies The term inspection has had a negative connotation in the past two decades owing to its erroneous classiﬁcation as a postprocess, oﬀ-line product examination function based solely on statistical sampling. As discussed above, inspection should actually be seen solely as a conformance veriﬁcation process, which can be applied based on diﬀerent strategies––some better than others. However, certain conclusions always hold true: on-line (in-process) inspection is better than postprocess inspection 100% inspection is better than sampling, and process control (i.e., inspection at the source) is better than product inspection. On-line inspection: It is desirable to measure product features while the product is being manufactured and to feed this information back to the process controller in an on-line manner. For example, an electro-optical system can be used to measure the diameter of a shaft, while it is being machined on a radial grinder, and to adjust the feed of the grinding wheel accordingly. However, most fabrication processes do not allow in-process measurement owing to diﬃcult manufacturing conditions and/or the lack of reliable measurement instruments. In such cases, one may make intermittent (discrete) measurements, when possible, by stopping the process or waiting until the fabrication process is ﬁnished. Sampling: If a product’s features cannot be measured on-line, owing to technological or economic reasons, one must resort to statistical sampling inspection. The analysis of sample statistics must still be fed back to the process controller for potential adjustments to input variables to maintain in-control fabrication conditions. Sampling should only be used for processes that have already been veriﬁed to be in control and stable for an
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acceptable initial buildup period, during which 100% inspection may have been necessary regardless of economic considerations. Source inspection: It has been successfully argued that quality can be better managed by carrying out inspection at the source of the manufacturing, that is, at the process level, as opposed to at (postprocess) product level. For fabrication, this would involve the employment of eﬀective measurement instruments as part of the closed-loop process-control chain. For assembly, this would involve the use of devices and procedures that would prevent the assembly of wrong components and ensure the presence of all components and subassemblies—for example, using foolprooﬁng concepts (poka-yoke in Japanese). 16.2.2



Measurement Techniques



Measurement is a quantiﬁcation process used to assign a value to a product/ process feature in comparison to a standard in a selected unit system (SI* metric versus English, U.S. customary measurement systems). The term metrology refers to the science of measurement in terms of the instrumentation and the interpretation of measurements. The latter requires a total identiﬁcation of sources of errors that would aﬀect the measurements. It is expected that all measurement devices will be calibrated via standards that have at least an order of magnitude better precision (repeatability). Good calibration minimizes the potential of having (nonrandom) systematic errors present during the measurement process. However, one cannot avoid the presence of (noise-based) random errors; one can only reduce their impact by (1) repeating the measurement several times and employing a software/ hardware ﬁlter (e.g., the median ﬁlter) and (2) maintaining a measurement environment that is not very sensitive (i.e., robust) to external disturbances. As will be discussed in the next subsections, variability in a process’ output, assuming an ideal device calibration, is attributed to the presence of random mechanisms causing (random) errors. As introduced above, this random variability is called repeatability, while accuracy represents the totality of systematic (calibration) errors and random errors. Under ideal conditions, accuracy would be equal to repeatability. Since the objective of the measurement process is to check the conformance of a product/process to speciﬁcations, the repeatability of the measurement instrument should be at least an order of magnitude better than the repeatability of the production process. Thus random errors in measuring the variability of the output can be assumed to be attributable



* Syste`me International.
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primarily to the capability (i.e., variance) of the production device and not to the measurement instrument. As will be discussed in Sec. 16.3, the behavior of random errors can be expressed by using a probability function. In Chap. 13, a variety of measurement instruments were discussed as a prelude to manufacturing process control, which includes control of quality. Thus in this section, we will narrow our attention to a few additional measurement techniques to complement those presented in Chapter 13. Mechanical Measurement of Length Length is one of the seven fundamental units of measurement—the others are mass, time, electric current, temperature, light intensity, and amount of matter. It is commonly measured using simple yet accurate manual (mechanical) devices on all factory ﬂoors worldwide. The vernier caliper is frequently used to measure length (diameter, width, height, etc.) up to 300 to 400 mm (app. 12 to 14 in.) with resolutions as low as 0.02 mm (or 0.001 in.). A micrometer can be used for higher resolution measurements, though at the expense of operational range (frequently less than 25 mm), yielding resolutions as low as 0.002 mm (or 0.0001 in.). Micrometers can be conﬁgured to measure both external and internal dimensions (e.g., micrometer plug gages). Coordinate measuring machines (CMMs) are typically numerical control (NC) electromechanical systems that can be used for dimensional inspection of complex 3-D-geometry product surfaces. They utilize a contact probe for determining the x, y, z coordinates of a point (on the product’s surface) relative to a reference point on the product inspected. The mechanical architecture of a CMM resembles a 3-degree-of-freedom (Cartesian) gantry-type robot (Chap. 12), where the probe (i.e., end-eﬀector) is displaced by three linear (orthogonal) actuators (Fig. 3). Some CMMs can have up to ﬁve degrees of freedom for increased probing accuracy on curved surfaces. Mechanical-probe-based CMMs can have an operating volume of up to 1 m3, though at the expense of repeatability (e.g., 0.005 mm). There also exist a variety of optical-probe-based (noncontact) CMMs, which increase the productivity of such machines to carry out inspection tasks. However, mostly, CMMs are expensive machines suitable for the inspection of small batch or one-of-a-kind, high-precision products. Owing to their slow processing times, they are rarely employed in an on-line mode on factory ﬂoors. Surface ﬁnish is an important length metric that has to be considered in discrete part manufacturing. Besides checking for surface defects (e.g., cracks, marks), engineers must also verify that a product’s surface roughness satisﬁes the design speciﬁcation. Stylus instruments have been commonly
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FIGURE 3 A coordinate measuring machine architecture.



utilized to quantify surface roughness: typically, a diamond-tip stylus is trailed along the surface and its vertical displacement is recorded. The roughness of the surface is deﬁned as an average deviation from the mean value of the vertical displacement measurements (Fig. 4), Z 1 L Ra ¼ j yðxÞj dx ð16:1Þ L 0 where L is the sampling length.



FIGURE 4 Surface proﬁle.
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Mechanical systems such as the stylus instrument can measure roughness in the order of thousandths of a millimeter (or microinches). However, it should be noted that, despite the minimum force applied on the stylus tip, a trace might be left on the surface owing to the minute diameter of the diamond tip. Thus for surface roughness measurements that require higher precisions, an interferometry-based device can be used for nondestructive inspection. Electro-Optical Measurement of Length A variety of electro-optical distance/orientation measurement devices have been discussed in Chap. 13 and thus will not be addressed here in any great detail. These devices can be categorized as focused beam (i.e., use of a laser light) or as visual (i.e., use of a CCD camera) inspection systems. The former systems are highly accurate and in the case of interferometers can provide resolutions as low as half a light wavelength or better. The latter (camera-based) systems are quite susceptible to environmental disturbances (e.g., changes in lighting conditions) and are also restricted by the resolution of the (light receiving) diodes. Thus, for high-resolution systems, CCD camera–based inspection systems should be coupled to high-resolution optical microscopes. For surface roughness measurement, interferometric optical proﬁlometers can be used for the inspection of highly smooth surfaces in a scale of



FIGURE 5 An optical surface roughness inspection instrument.
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nanometers, such as optical lenses and metal gages used to calibrate other measurement instruments. In the case of intermediate microroughness products, one can utilize a light scattering technique, in a scale of better than micrometers: such devices correlate the intensity of specularly reﬂected light to surface roughness (Ra). Smoother surfaces have a higher fraction of the incident light reﬂected in the specular mode (versus diﬀusive) with a clear Gaussian distribution. Such a commercially available (Rodenstock) surfaceroughness-inspection instrument is shown in Fig. 5. X-Ray Inspection Electromagnetic radiation (x rays or gamma rays) can be eﬀectively utilized for the inspection of a variety of (primarily metal) products in on-line or oﬀline mode. Measurements of features are based on the amount of radiation absorbed by the product subjected to (in-line) radiation. The intensity of radiation and exposure times are dictated by material properties (i.e., attenuation coeﬃcient). The amount of absorbed radiation can be correlated to the thickness of the product (in-line with the radiation rays) and thus be used for thickness measurement or detection of defects. In the most common transmissive x-ray radiographic systems, the radiation source is placed on one side of the product, while a detector (e.g., x-ray ﬁlm, ﬂuorescent screen) is placed on the opposite side (Fig. 6). In cases where one cannot access both sides of a product, the x-ray system can be used in a backscattering conﬁguration: the detector, placed near the emitter, measures the intensity of radiation scattered back by the product. The thicker the product, the higher the level of backscatter will be. Computed tomography (CT) is a radiographic system capable of yielding cross-sectional images of products whose internal features we wish



FIGURE 6 Transmissive x-ray imaging.
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to examine. CT machines typically utilize a fan-beam-type x-ray source and a detector array (placed on opposite sides of a product) rotating synchronously around an axis through the product (Fig. 7). A series of x-ray images (up to 1,000) that are collected after a complete 360j rotation around the product are then reconstructed into a cross-sectional 2-D image via mathematical tools. Through an (orthogonal) translation along the rotational axis, several 2-D cross-sectional images can be collected and utilized for 3-D (volumetric) reconstruction. One must note, however, that CT is primarily useful for product geometries with low aspect ratios—i.e., nonplanar. Furthermore, even with today’s available computing power, CT-based image analysis may consume large amounts of time unacceptable for online inspection. X-ray laminography is a variant of the CT system developed for the inspection of high-aspect-ratio products. A cross-sectional image of the product is acquired by focusing on a plane of interest, while defocusing the planes above and below via blurring of features outside the plane of interest (i.e., reducing their overall contrast eﬀect). This laminographic eﬀect of blurring into the background is achieved though a synchronized rotational motion of the x-ray source and the detector, where any point in the desired focal plane is always projected onto the same point in the image (Fig. 8). During the rotation of the source and detector a number of images are taken and subsequently superimposed. Features on the focal plane maintain their sharpness (since they always occupy the same location in every image and



FIGURE 7



Computed tomography.
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X-ray laminography. 553
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yield perfect overlapping), while out-of-plane features get blurred into a (gray) background (since they never occupy the same location in every image). As in CT systems, diﬀerent 2-D cross-sectional images, obtained by translating the product in an orthogonal direction, can be used to reconstruct a 3-D representation of the product. However, one must ﬁrst overcome the blurring eﬀect generated by the laminographic movement of the source–detector pair. In all x-ray radiography systems, transmissive, CT, and laminography, mirrors can be used to reﬂect the image formed on a phosphor screen onto a visible-light CCD array camera for the automatic analysis of measurement data.



16.3



BASICS IN PROBABILITY AND STATISTICS THEORIES



Statistics theory is concerned primarily with the collection, analysis, and interpretation of experimental data. The term experiment is a generic reference to any process whose (random) outcome is measured for future planning and/or control activities. Probability theory, on the other hand, is concerned with the classiﬁcation/representation of outcomes of random experiments. It attempts to quantify the chance of occurrence of an event. The term event is reserved to represent a subset of a sample space (the complete set of all possible outcomes of a random experiment). The study of risk in modern times can be traced to the Renaissance period in Europe, when the mathematicians of the time, such as B. Pascal in the mid 1600s, were challenged by noble gamblers to study the games of chance. In 1730, A. de Moivre suggested that a common probability distribution takes the form of a bell curve. Next came D. Bernoulli’s work on discrete probability distributions and T. Bayes’ work on fusing past and current data for more eﬀective inference, both in the mid-1700s. In the early part of the 1800s, C. F. Gauss further enforced the existence of a bell curve distribution based on his extensive measurements of astronomical orbits. He observed that repeated measurements of a variable yield values with a given variance about a mean value of the variable. Today, the bell-curve distribution is often called the Gaussian probability distribution (or the ‘‘normal’’ distribution). 16.3.1 Normal Distribution Probability distributions can be classiﬁed as discrete or continuous. The former type is used for the analysis of experiments that have a ﬁnite number
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of outcomes (e.g., operational versus defective), while the latter type is used for experiments that have an inﬁnite number of outcomes (e.g., weight, length, life). Both types have a number of diﬀerent distributions within their own class: for example, binomial versus Poisson for discrete and Gaussian (normal) versus gamma for continuous probability distributions. In this chapter, since our focus is on the statistical quality control of manufacturing processes whose outputs represent continuous metrics, only the normal distribution is reviewed. In practical terms, the variance of a process output (for a ﬁxed set of input control parameters) can be viewed as random noise superimposed on a desired signal. For a perfectly calibrated system (with no systematic, nonrandom errors), the variance in the output can be seen as a result of random noise present in the environment and that cannot be eliminated. This noise, e, would commonly have a normal distribution with a given variance, r 2 p 0, and zero mean, l=0, value (Fig. 9). For the case where the desired output signal, l (p 0), is superimposed with normally distributed noise, represented by the variance, r2, the random measurements of the output variable, X, are represented by the probability distribution function   1 1 h x  l i2 f ðxÞ ¼ pﬃﬃﬃﬃﬃﬃ exp  l 
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