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Foreword

Between the covers of thisremarkabl etext one can experience, at near warp speed, ajourney through the
cosmos of subject matter dealing with dimensioning and tolerancing of mechanical products. The
editor, as one of the contributing authors, has aptly summarized the content broadly as“ about product
variation.” The contained chapters proceed then to wend their way through the various subjects to
achievethat end. Under theindividual pens of the authors, the wisdom, experience, writing style, and
extensive research on each of the concerned topics presentsthe subject details with auniquerichness.
The authors, being widely renowned and respected in their fields of endeavor, combine to present a
priceless body of knowledge available at the fingertips of the reader.

If not afirst, this text surely is one of the best ever compiled as a consolidation of the contained
related subjects. While possibly appearing a little overwhelming in its volume, the book succeeds in
putting the reader at ease through the excellent subject matter arrangement, sequential flowing of chap-
ters, listing of contents, and a complete index. The details of each chapter are self-explanatory and
present “their story” in an enlightening, albeit challenging sometimes, individual style. Collectively, the
authors and their respective chapters seem to reflect considerations and lessons learned from the past,
inspiration and creativity for the state-of -the-art of the present, and insightful visionsfor thefuture. This
text then equally represents akind of status report of the various involved technol ogies, guidance and
instruction for absorbing and implementing technical content, and some direction to the future path of
progress.

Reflecting upon the significant contribution this text adds to the current state of progress on the
contained subjects, afeeling of confidence prevailsthat thereis no fear for the future— to the contrary,
only arelish for the enlarging opportunities time will provide. Congratulations to the editor, Paul Drake,
for hisinsight in conceiving this text and to all the authors and contributors. Y our product represents a
major achievement in its addition to the annal s of product engineering literature. It isalso arecord of our
timesand aglimpse of thefuture. It isadistinct pleasureto endorse thistext with added thanksfor all the
dedicated energy expended in behalf of this project and the professions involved. Y our work will bring
immediate returnsand will alsoinstill apride of accomplishment on behalf of yourselves, our country, and
the global community of industrial technology.

Lowell W. Foster

Lowell W. Foster Associates, Inc.
Minneapolis, Minnesota
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Preface

Thisbook isabout transitioning from mechanical product design to manufacturing. Thecover graphic
illustrates two distinct phases of product development. The gear drawing (computer model) represents
a concept that is perfect. The manufactured gear is imperfect. A major barrier in the journey from
conceptual ideas to tangible productsisvariation. Variation can occur inthe manufacturing of products,
aswell asin the processes that are used to develop the products.

This book isabout mechanical product variation: how we understand it, how we deal withit, and how
wecontrol it. Asthetitle suggests, thisbook focuses ondocumenting mechanical designs (dimension-
ing) and understanding the variation (tolerancing) within the product development process. If we ac-
cept all product variation into our design, our products may not function asintended. If we throw away
parts with too much variation, our product costs will increase.

Thisbook isabout how we balance product variation with customer requirements. We generally deal
with product variation in three ways.

* Weaccept product variation in our designs;

* Wecontrol product variation in our processes; or

* Wescreen out manufactured parts that have more variation than the design will allow.

Many experts refer to this balance between design requirements and manufacturing variation as
dimensional management. | prefer to cal it variation management. After all, variation is usually the
primary contributor to product cost.

In order to manage variation we must understand how variation impacts the mechanical product
development process.

Thisbook is processdriven. Thisbook isnotjust acollection of related topics. At the heart of thisbook
is the variation management process. Fig. P-1 shows a generic product development process, and
captures the key activities we put in place to manage product variation. Your product development
processmay besimilar in someareasand different in others, but | believe Fig. P-1 capturesthe essence of
the design process.

Fig. P-1 doesnot try to document everything in the variation management process. Thisinformation
iscontained withinthe chapters. Thepurposeof Fig. P-listwofold; first, it givesabirds-eyeview of the
process to help the reader understand the “big-picture,” and second, it is a starting point to show the
reader where each chapter in the book fitsinto this process.
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Preface  xxvii

Each chapter of thisbook islinked to the product devel opment process. Thebook isdividedinto seven
parts that map to the process. Each chapter details the activities associated with the variation manage-
ment process. By no meansdoesthisbook capture everything. Although thereisawealth of information
here, thereis an endless amount of information that we could add. Likewise, new techniques, processes,
and technologies will continueto evolve.

Although each chapter is a piece of the variation management puzzle, each chapter can stand alone.
In practice, however, it isimportant to understand how each piece of the puzzlerelatesto others.

This book is about assessing design risk. If we understand the sources of product variation, and we
understand the process(es) to manage them, we are well on our way to designing competitive products
that meet customer requirements. If we capture the sources of variation and input these into the design
process, we can assess the risk of meeting the manufacturing requirements aswell as the performance of
our designs.

Several experts contributed to thisbook. Each chapter reflectsawealth of experience from itsauthor(s),
many of whom are nationally and internationally recognized experts in their fields. This book could not
contain the depth of information that it contains, without so many qualified contributors.

The audience for this book isvery broad. Because it 0oks at the entire process of managing product
variation, the audience for this book is large and very diverse. Asaminimum, however, | suggest that
everyone read the first chapter and the last chapter. Chapter 1 is ahigh-level historical perspective of
where product quality hasfocused inthe past. Chapter 26 isacompilation of wherewethink wewill bein
the future. Chapters 2 through 25 tell us how we are getting there today.

| appreciate any comments you have. Please send them to me at pdrake@mechsigma.com.

Paul Drake
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11 Meaning of Quality

What do we mean by the word quality? The word quality has multiple meanings. Some very important

meanings are:

* Quality consists of those product features that meet the needs of customers and thereby provide
product satisfaction.

* Quadlity congsts of freedom from deficiencies, or in other words, absence of defects. (Reference 5)

Most corporations manage the business by understanding the financials. They spend significant

resources on financia planning, financia control, and financia improvement. Successful companies aso
spend significant effort on quality planning, quality control, and qudity improvement.
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1.2 The Evolution of Quality

The evolution of product quaity and quality-of-service has received a great dead of attention by corpo-
rations, educationa ingtitutions, and hedth care providers especidly in the last 15 years. (Reference 8)
Some corporations have been very successful financialy because the quality of the products and ser-
vices is superior to anything offered by a competitor. The reationship of quality and financial success in
the automotive industry in the 1980s is a familiar example,

The winners of the Deming Prize in Japan, the Macolm Badrige Nationd Quaity Award in the United
States, and smilar awards around the world al have something in common. They have proven the strong
relationship of quality and customer satisfaction to business excellence and financial success.

1.3 Some Quality Gurus and Their Contributions
1.31 W. Edwards Deming

The most famous name in Japanese quality control is American.

Dr. W. Edwards Deming (1900-1993) was the quality control expert whose work in the 1950s led Japanese
industry into new principles of management and revolutionized their quality and productivity.

In 1950, the Union of Japanese Scientists and Engineers (JU.SE.) invited Dr. Deming to lecture
severd times in Japan. These lectures turned out to be overwhelmingly successful. To commemorate Dr.
Deming's visit and to further Japan’s development of quality control, JU.S.E. shortly thereafter estab-
lished the Deming prizes to be presented each year to the Japanese companies with the most outstanding
achievements in quality control. (Reference 6)

In 1985 Deming wrote:

“For a long period after World War 11, till around 1962, the world bought whatever
American Industry produced. The only problem American management faced was lack of
capacity to produce enough for the market. No ability was required for management under
those circumstances. There was no way to lose.

It is different now. Competition from Japan wrought challenges that Western indus-
try was not prepared to meet. The change has been gradud and was, in fact, ignored and
denied over a number of years. All the while, Western management generated explana-
tions for decline of business that now can be described as creative. The plain fact is that
management was caught off guard, unable to manage anything but an expanding market.

People in management cannot learn on the job what the job of management is. Help
must come from the outside.

The datigtician’s job is to find sources of improvement and sources of trouble. This
is done with the aid of the theory of probability, the characteristic that distinguishes
satistical work from that of other professons. Sources of improvement, as well as sources
of obstacles and inhibitors that afflict Western industry, lie in top management. Fighting
fires and solving problems downstream is important, but relatively insgnificant compared
with the contributions that management must make. Examination of sources of improve-
ment has brought the 14 points for management and an awareness of the necessity to
eradicate the deadly diseases and obstacles that infest Western industry.” (Reference 6)

In hisbook Out of the Crisis (Reference 2) published in 1982 and again in 1986, Deming illugtrates his
14 points:

1. Create congtancy of purpose for improvement of product and service.
2. Adopt the new philosophy.
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Cease dependence on ingpection to achieve quality.

End the practice of awarding business on the bass of price tag done. Ingead, minimize totd cost by

working with a single supplier.

Improve constantly and forever every process for planning, production, and service.

Ingtitute training on the job.

Adopt and ingtitute |eadership.

Drive out fear.

Break down barriers between staff aress.

10. Eliminate dogans, exhortations, and targets for the work force.

11. Eliminate numerica quotas for the work force and numerical goas for management.

12. Remove barriers that rob people of pride of workmanship. Eliminate the annual rating or merit
system.

13. Ingtitute a vigorous program of education and self-improvement for everyone.

14. Put everybody in the company to work to accomplish the transformation.

> w
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Much of industry’s Total Quality Management (TQM) practices stem from Deming’s work. The
turnaround of many U.S. companies is directly attributable to Deming. This author had the privilege of
completing Deming’s four-day course in 1987 and two subsequent courses at New York University in
1990 and 1991. He was a great man who completed great works.

1.3.2 JosephJuran

Juran showed us how to organize for quality improvement.

Another pioneer and leader in the quality transformation is Dr. Joseph M. Juran (1904-), founder and
chairman emeritus of the Juran Inditute, Inc. in Wilton, Connecticut. Juran has authored severa books on
qudity planning, and quality by design, and is the editor-in-chief of Juran’s Quality Control Handbook,
the fourth edition copyrighted in 1988. (Reference 5)

Juran was an especidly important figure in the qudity changes taking place in American industry in
the 1980s. Through the Juran Institute, Juran taught industry that work is accomplished by processes.
Processes can be improved, products can be improved, and important financial gains can be accom-
plished by making these improvements. Juran showed us how to organize for quality improvement, that
the language of management is money, and promoted the concept of project teams to improve quality.
Juran introduced the Pareto principle to American industry. The Italian economist, Wilfredo Pareto, dem-
ondrated that a smdl fraction of the people held most of the wedlth. As applied to the cost of poor qudity,
the Pareto principle states that a few contributors to the cost are responsible for most of the cost. From
this came the 80-20 rule, which states 20% of dl the contributors to cost, account for 80% of the total cost.

Juran taught us how to manage for qudity, organize for quaity, and design for qudity. In his 1992
book, Juran on Quality by Design (Reference 4), he tdls us that poor quality is usudly planned that way
and quality planning in the past has been done by amateurs.

Juran discussed the need for unity of language with respect to quality and defined key words and
phrases that are widely accepted today: (Reference 4)

“A product is the output of a process. Economists define products as goods and
services.

A product feature is a property possessed by a product that is intended to meet certain
customer needs and thereby provide customer satisfaction.
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Customer satisfaction is a result achieved when product features respond to customer
needs. It is generally synonymous with product satisfaction. Product satisfaction is a
dimulus to product sdability. The major impact is on share of market, and thereby on
sales income.

A product deficiency is a product failure that results in product dissatisfaction. The
major impact is on the costs incurred to redo prior work, to respond to customer com-
plaints, and so on.

Product deficiencies are, in al cases, sources of customer dissatisfaction.

Product satisfaction and product dissatisfaction are not opposites. Satisfaction has its
origins in product features and is why clients buy the product. Dissatisfaction has its ori-
gin in non-conformances and is why customers complain. There are products that give no
dissatisfaction; they do what the supplier said they would do. Yet, the customer is dissat-
isfied with the product if there is some competing product providing greater satisfaction.

A customer is anyone who is impacted by the product or process. Customers may be
internal or externd.”

This author has had the honor and privilege to work with Dr. Juran on company and nationa quality
efforts in the 1980s and 1990s. Dr. Juran showed us how to manage for quality. He is a great teacher,
leader, and mentor.

1.3.3 Philip B. Croshy

Doing thingsright the first time adds nothing to the cost of your product of service. Doing things wrong
iswhat costs money.

In his book, Quality is Free—The Art of Making Quality Certain (Reference 1) Crosby introduced
valuable quality-building tools that caught the attention of Western Management in the early 1980s.
Crosby developed many of these ideas and methods during his industrial career at Internationa Tele-
phone and Telegraph Corporation. Crosby went on to teach these methods to managers at the Crosby
Qudlty College in Horida.
Quality Management Maturity Grid—An entire objective system for measuring your present quality
system. Easy to use, it pinpoints areas in your operation for potential improvement.
* Quality Improvement Program—A proven 14-step procedure to turn your business around.

¢ Make Certain Program—The first defect prevention program ever for white-collar and nonmanufacturing
employees.

* Management Style Evaluation—A self-examination process for managers that shows how persona
qualities may be influencing product quality.

Crosby demondtrated that the typical American corporation spends 15% to 20% of its sales dollars on
inspection, tests, warranties, and other quality-related costs. Crosby’s work went on to define the ele-
ments of the cost of poor quality that are in use today a many corporations. Prevention costs, appraisal
costs, and failure costs are well defined, and a system for periodic accounting is demonstrated.

In this author’s experience with many large corporations, there is a direct correlation between the
number of defects produced and the cost of poor quality. Crosby was the leader who showed how to
quditatively correlate defects with money, which Juran showed us, is the language of management.
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1.3.4 Genichi Taguchi

Monetary losses occur with any deviation from the nominal.

Dr. Genichi Taguchi is the Japanese engineer that understood and quantified the effects of variation on
the find product qudity. (Reference 11) He understood and quantified the fact that any deviaion from the
nomina will cause a quantifiable codt, or loss. Most of Western management thinking today ill believes
that loss occurs only when a specification has been violated, which usudly results in scrap or rework. The
truth is that any design works best when al dements are at their target vaue.

Taguchi quantified the cost of variaion and set forth this important mathematical rdationship. Taguchi
quantified what Juran, Crosby and others continue to teach. The language of management is money, and
deviations from standard are losses. These losses are in performance, customer satisfaction, and supplier
and manufacturing efficiency. These losses are red and can be quantified in terms of money.

Taguchi’s Loss Function (Fig. 1-1) is defined as follows:

Monetary loss is a function of each product feature (x), and its difference from the best (target) vaue.

Loss (L)

>

X Figure 1-1 Taguchi’s loss function and a
normal distribution

S

X is a measure of a product characteristic
T is the target vaue of x
a = amount of loss when x is not on target T
b = amount that x is awvay from the target T
In thisillugration, T = X, whereX s the mean of the sample of X's
In the smple case for one vadue of x, the loss is
L =k(x—T)? wherek = a/b?
This smple quadratic equation is a good mode for estimating the cost of not being on target.
The more genera case can be expressed using knowledge of how the product characteristic (x) varies.
The following modd assumes a norma distribution, which is symmetrical about the average X .
L(X) =K[(X —T)?+ ¢], where s = the sandard deviation of the sample of x’s
The principles of Taguchi’s Loss Function are fundamental to modern manufacturability and sys-
tems engineering analyses. Each function and each feature of a product can be anayzed individualy. The
summeation of the estimated losses can lead an integrated design and manufacturing team to make tradeoffs
quantitatively and early in the design process. (Reference 12)
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14 The Six Sigma Approach to Quality

An aggressive campaign to boost profitability, increase market share, and improve customer satisfaction
that has been launched by a select group of leaders in American Industry. (Reference 3)

1.4.1 The History of Six Sigma (Reference 10)

“In 1981, Bob Galvin, then chairman of Motorola, chalenged his company to achieve
a tenfold improvement in performance over a five-year period. While Motorola execu-
tives were looking for ways to cut waste, an engineer by the name of Bill Smith was study-
ing the correlation between a product’s field life and how often that product had been
repaired during the manufacturing process. In 1985, Smith presented a paper concluding
that if a product were found defective and corrected during the production process, other
defects were bound to be missed and found later by the customer during the early use by
the consumer. Additionally, Motorola was finding that best-in-class manufacturers were
meaking products that required no repair or rework during the manufacturing process. (These
were Six Sigma products.)

In 1988, Motorola won the Macolm Badrige National Qudity Award, which set the
standard for other companies to emulate.

(This author had the opportunity to examine some of Motorola's processes and prod-
ucts that were very near Six Sigma. These were nearly 2,000 times better than any prod-
ucts or processes that we at Texas Instruments (T1) Defense Systems and Electronics
Group (DSEG) had ever seen. This benchmark caused DSEG to re-examine its product
design and product production processes. Six Sigma was a very important element in
Motorola's award winning application. TI's DSEG continued to make forma applications to
the MBNQA office and won the award in 1992. Six Sigma was a very important part of the
winning application.)

As other companies studied its success, Motorola realized its strategy to attain Six
Sigma could be further extended.” (Reference 3)

Gavin requested that Mikd J. Harry, then employed a Motorola's Government Electronics Group in
Phoenix, Arizona, start the Six Sigma Research Ingtitute (SSRI), circa 1990, at Motorola’'s Schaumburg,
Illinois campus. With the financid support and participation of IBM, TI's DSEG, Digitd Equipment Corpo-
ration (DEC), Asea Brown Boveri Ltd. (ABB), and Kodak, the SSRI began developing deployment strate-
gies, and advanced applications of datistical methods for use by engineers and scientists.

Six Sigma Academy President, Richard Schroeder, and Harry joined forces at ABB to deploy Six Sigma
and refined the breakthrough strategy by focusing on the relationship between net profits and product
quality, productivity, and costs. The strategy resulted in a 68% reduction in defect levels and a 30%
reduction in product costs, leading to $898 million in savings/cost reductions each year for two years.
(Reference 13)

Schroeder and Harry established the Six Sigma Academy in 1994. Its client list includes companies
such as Allied Signd, Generd Electric, Sony, Texas Insruments DSEG (now part of Raytheon), Bombar-
dier, Crane Co., Lockheed Martin, and Polaroid. These companies correlate qudity to the bottom line.

1.4.2 Six Sigma Success Stories

There are thousands of black belts working at companies worldwide. A blackbelt is an expert that can
apply and deploy the Sx Sgma Methods. (Reference 13)
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Jennifer Pokrzywinski, an anadyst with Morgan Stanley, Dean Witter, Discover & Co,,
writes “Six Sigma companies typicaly achieve faster working capital turns, lower capital
spending as capacity is freed up; more productive R&D spending; faster new product
development; and greater customer satisfaction.” Pokrzywinski estimates that by the year
2000, GE's gross annual benefit from Six Sigma could be $6.6 hillion, or 5.5% of sales.
(Reference 7)

Generd Electric done has trained about 6,000 people in the Six Sigma methods. The other compa
nies mentioned above have trained thousands more. Each black belt typically completes three or four
projects per year that save about $150,000 each. The savings are huge, and customers and shareholders
are happier.

1.4.3 Six Sigma Basics

“The philosophy of Six Sigma recognizes that there is a direct correation between the number of prod-
uct defects, wasted operating costs, and the level of customer satisfaction. The Six Sigma statistic mea:
sures the capability of the process to perform defect-free work....

With Six Sigma, the common measurement index is defects per unit and can include anything from a
component, piece of materid, or line of code, to an adminidrative form, time frame, or disance. The sgma
vaue indicates how often defects are likely to occur. The higher the sgma vaue, the less likdy a process
will produce defects.

Consequently, as sigma increases, product reliability improves, the need for testing and inspection
diminishes, work in progress declines, costs go down, cycle time goes down, and customer satisfaction
goes up.

Fig. 1-2 displays the short-term understanding of Six Sigma for a single critical-to-qudity (CTQ)
characterigtic; in other words, when the process is centered. Fig. 1-3 illustrates the long-term perspective
after the influence of process factors, which tend to affect process centering. From these figures, one can
readily see that the short-term definition will produce 0.002 parts per million (ppm) defective. However,
the long-term perspective reveds a defect rate of 3.4 ppm.

Lower Upper
Specification Specification
Limit (LSL) Limit (USL)

1 USL = 0.001 ppm

[ [T N |
-6s -5s-4s -3s -2s -1s 0O 1s 2s 3s 4s b5s 6s

LSL =0.001ppm -

Process Width

Figure 1-2 Graphical definition of short-

. ; term Six Sigma performance for a single
Design Width characteristic
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(This degradation in the short-term performance of the process is largely due to the adverse effect of
long-term influences such as tool wear, materid changes, and machine setup, just to mention a few. It is
these types of factors that tend to upset process centering over many cycles of manufacturing. In fact,
research has shown that a typical process is likely to deviate from its natural centered condition by
goproximately +1.5 standard deviations a any given moment in time. With this principle in hand, one can
make a rationd estimate of the long-term process capability with knowledge of only the short-term perfor-
mance. For example, if the capability of a CTQ characteridic is 6.0 sgma in the short term, the long-term
capability may be approximated as 6.0 sgma— 1.5 Sgma = 4.5 sgma, or 3.4 ppm in terms of a defect rate.)”
(Reference 3)

LSL
) © USL=34ppm
. |
-Qs -55-4s -3s -2s -1s 0 1s| 2s 3s 4s ©5s §s

" 15s
Process Width = 3s

Figure 1-3 Graphical definition of long-
] ] N term Six Sigma performance for asingle
Desian Width * 6s characteristic (distribution shifted 1.5s)

For designers of products, it is vitally important to know the capability of the process that will be used
to manufacture a particular product festure. With this knowledge for each CTQ characteridtic, an etimate
of the number of defects that are likely to happen during manufacturing can be made. Extending this idea
to the product level, a Sgma vaue for the product design can be estimated. Products that are truly world-
class have vaues around 6.0 sigma before manufacturing begins. Products that are extremey complex, like
a large passenger jetliner, require sgma values greater than 6.0. Project managers and designers should
know the sigma value of their design before production begins. The sigma value is a measure of the
inherent manufacturability of the product.

Table 1-1 presents various levels of cgpability (manufacturability) and the implications to quaity and

Costs.
Table 1-1 Practical impact of process capability

Sgma Parts per Million Cost of Poor Quality

6 Sgma 3.4 defects per million < 10% of sales World class

5 Sgma 233 defects per million 10-15% of sales

4 Sgma 6210 defects per million 15-20% of saes Industry average
3Sgma 66,807 defects per million 20-30% of sdes

2Sgma 308,537 defects per million 30-40% of saes Noncompetitive

1Sgma 690,000 defects per million
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15 The Malcolm Baldrige National Quality Award (MBNQA)

Describe how new products are designed.

The criteria for the MBNQA asks companies to describe how new products are designed, and to describe
how production processes are designed, implemented, and improved. Regarding design processes, the
criteria further asks “ how design and production processes are coordinated to ensure trouble-free
introduction and delivery of products.”

The winners of the MBNQA and other world-class companies have very specific processes for
product design and product production. Most have an integrated product and process design process
that requires early edimates of manufacturability. Following the Sx Sigma methodology will endble design
teams to estimate the quantitative measure of manufacturability.

What isthe Malcolm Baldrige National Quality Award?

Congress established the award program in 1987 to recognize U.S. companies for their achievements in
quality and business performance and to raise awareness about the importance of quality and perfor-
mance excellence as a competitive edge. The award is not given for specific products or services. Two
awards may be given annudly in each of three categories. manufacturing, service, and small business.

While the Baldrige Award and the Baldrige winners are the very visible centerpiece of the U.S.
quality movement, a broader national quality program has evolved around the award and its criteria. A
report, Building on Baldrige: American Quality for the 21st Century, by the private Council on Competi-
tiveness, states, “More than any other program, the Badrige Quality Award is responsible for making
quality a nationa priority and disseminating best practices across the United States.”

The U.S. Commerce Department’s Nationa Ingtitute of Standards and Technology (NIST) manages
the award in close cooperation with the private sector.

Why was the award established?

In the early and mid-1980s, many industry and government leaders saw that a renewed emphasis on
quality was no longer an option for American companies but a necessity for doing business in an ever
expanding, and more demanding, competitive world market. But many American businesses ether did
not believe quality mattered for them or did not know where to begin. The Badrige Award was envi-
sioned as a standard of excellence that would help U.S. companies achieve world-class quality.

How isthe Baldrige Award achieving its goal s?

The criteria for the Baldrige Award have played a mgjor role in achieving the goals established by
Congress. They now are accepted widely, not only in the United States but dso around the world, as the
standard for performance excellence. The criteria are designed to help companies enhance their competi-
tiveness by focusng on two goals. delivering ever improving value to customers and improving overal
company performance.

The award program has proven to be a remarkably successful government and industry team effort.
The annua government investment of about $3 million is leveraged by more than $100 million of pri-
vate-sector contributions. This includes more than $10 million raised by private industry to help launch
the program, plus the time and efforts of hundreds of largely private-sector volunteers.

The cooperative nature of this joint government/private-sector team is perhaps best captured by the
award's Board of Examiners. Each year, more than 300 experts from industry, as well as universities,
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governments at dl levels, and non-profit organizations, volunteer many hours reviewing applications for
the award, conducting sSite vidits, and providing each applicant with an extensive feedback report citing
strengths and opportunities to improve. In addition, board members have given thousands of presenta-
tions on quality management, performance improvement, and the Badrige Award.

The award-winning companies adso have taken serioudy their charge to be quality advocates. Their
efforts to educate and inform other companies and organizations on the benefits of using the Baldrige
Award framework and criteria have far exceeded expectations. To date, the winners have given approxi-
mately 30,000 presentations reaching thousands of organizations.

How does the Baldrige Award differ from 1 SO 90007?

The purpose, content, and focus of the Bddrige Award and SO 9000 are very different. Congress created the
Badrige Award in 1987 to enhance U.S. competitiveness. The award program promotes qudity awareness,
recognizes qudity achievements of U.S. companies, and provides a vehicle for sharing successful Strategies.
The Badrige Award criteria focus on results and continuous improvement. They provide a framework for
designing, implementing, and assessing a process for managing al business operations.

ISO 9000 is a series of five international standards published in 1987 by the International Organization
for Standardization (1SO), Geneva, Switzerland. Companies can use the standards to help determine what
is needed to maintain an efficient quality conformance system. For example, the standards describe the
need for an effective quality system, for ensuring that measuring and testing equipment is calibrated
regularly, and for maintaining an adequate record-keeping system. 1SO 9000 registration determines
whether a company complies with its own qudity system.

Ovedl, 1SO 9000 regidration covers less than 10 percent of the Badrige Award criteria (Reference 9)

1.6 References

1. Crosby, Philip B.1979. Quality is Free—The Art of Making Quality Certain. New York, NY: McGraw-Hill.

Deming, W. Edwards. 1982, 1986. Out of the Crisis Cambridge, MA: Massachusetts Institute of Technology

Center for Advanced Engineering Study.

Harry, Mikdl J. 1998. Six Sigma: A Breakthrough Strategy for Profitability. Quality Progress, May, 60-64.

Juran, J.M.1992. Juran on Quality by Design. New York: The Free Press.

Juran, J.M. 1988. Quality Control Handbook. 4th ed. New York, NY: McGraw-Hill.

Mann, Nancy R.1985,1987. The Keys to Excellence. Los Angeles. Prestwick Books.

Morgan Stanley, Dean Witter, Discover & Co. June 6, 1996. Company Update.

National Institute of Standards and Technology. 1998. U.S. Department of Commerce.

National Institute of Standards and Technology. U.S. Department of Commerce. 1998. Excerpt from “Fre-

quently Asked Questions and Answers about the Macolm Baldrige National Quality Award.” Malcolm Baldrige

National Quality Award Office, A537 Administration Building, NIST, Gaithersburg, Maryland 20899-0001.

10. Six Sigmais afederdly registered trademark of Motorola

11. Taguchi, Genichi. 1970. Quality Assurance and Design of Inspection During Production. Reports of Satistical
Applications and Research 17(1). Japanese Union of Scientists and Engineers.

12. Taguchi, Genichi. 1985. System of Experimental Design. Vols. 1 and 2. White Plains, NY: Kraus International
Publications.

13. The terms Breakthrough Strategy, Champion, Master Black Belt, Black Belt, and Green Belt are federally
registered trademarks of Sigma Consultants, L.L.C., doing business as Six Sigma Academy.

N

© o N ®



Chapter

Dimensional Management

Robert H. Nickolaisen, P.E.
Dimensional Engineering Services
Joplin, Missouri

Robert H. Nickolaisen is president of Dimensional Engineering Services (Joplin, MO), which provides
customized training and consulting in the field of Geometric Dimensioning and Tolerancing and re-
lated technologies. He also is a professor emeritus of mechanical engineering technology at Pittsburg
Sate University (Pittsburg, Kansas). Professional member shipsinclude senior member ship in the Soci-
ety of Manufacturing Engineers (SME) and the American Society of Mechanical Engineers (ASME). He
isan ASME certified Senior Level Geometric Dimensioning and Tolerancing Professional (Senior GDTP),
a certified manufacturing engineer (CMfgE), and a licensed professional engineer. Current standards
activities include member ship on the following national and international standards committees: US
TAG ISO/TC 213 (Dimensional and Geometrical Product Specification and Verification), ASVIE Y14.5
(Dimensioning and Tolerancing), and ASME Y14.5.2 (Certification of GD& T Professionals).

2.1 Traditional Approaches to Dimensioning and Tolerancing

Engineering, as ascience and a philosophy, has gone through a series of changesthat explain and justify
the need for a new system for managing dimensioning and tolerancing activities. The evolution of a
system to control the dimensional variation of manufactured products closely follows the growth of the
quality control movement.

Men like Sir Ronald Fisher, Frank Y ates, and Walter Shewhart were introducing early forms of
modern quality control in the 1920s and 1930s. This was aso a period when engineering and manufac-
turing personnel were usually housed in adjacent facilities. This made it possible for the designer and
fabricator to work together on a daily basis to solve problems relating to fit and function.

Theimportance of assigning and controlling tolerancesthat would consistently produceinterchange-
able parts and a quality product increased in importance during the 1940s and 1950s. Genichi Taguchi
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and W. Edwards Deming began to teach industries worldwide (beginning in Japan) that quality should be
addressed before a product was released to production.

The space race and cold war of the 1960s had a profound impact on modern engineering education.
During the 1960s and 1970s, the trend in engineering education in the United States shifted away from a
design-oriented curriculum toward a more theoretical and mathematical approach. Concurrent with this
changein educational philosophy wasthe practice of issuing contracts between customersand suppliers
that increased the physical separation of engineering personnel from the manufacturing process. These
two changes, education and contracts, encouraged the devel opment of several different product design
philosophies. The philosophies include engineering driven design, process driven design, and inspec-
tion driven design.

2.1.1 Engineering Driven Design

An engineering driven design is based on the premise that the engineering designer can specify any
tolerance values deemed necessary to ensure the perceived functional requirements of a product. Tradi-
tionally, the design engineer assigns dimensional tolerances on component partsjust beforethe drawings
arereleased. Thesetolerance values are based on past experience, best guess, anticipated manufacturing
capability, or build-test-fix methods during product development. When the tolerances are determined,
thereisusually little or no communication between the engineering and the manufacturing or inspection
departments.

This method is sometimes called the “over-the-wall” approach to engineering design because once
the drawings are released to production, the manufacturing and inspection personnel must live with
whatever dimensional tolerance values are specified. The weakness of the approach isthat problems are
always discovered during or after part processing has begun, when manufacturing costs are highest. It
al so encourages disputes between engineering, manufacturing and quality personnel. These disputesin
turn tend to increase manufacturing cycle times, engineering change orders, and overall costs.

2.1.2 Process Driven Design

A process driven design establishes the dimensional tolerances that are placed on a drawing based
entirely on the capability of the manufacturing process, not on the requirements of the fit and function
between mating parts. When the manufactured parts are inspected and meet the tolerance requirements
of thedrawings, they are accepted as good parts. However, they may or may not assemble properly. This
condition occurs because theinspection processisonly ableto verify thetol erance specificationsfor the
manufacturing process rather than the requirement for design fit and function for mating parts. This
method is used in organizations where manufacturing “ dictates” design requirements to engineering.

2.1.3 Inspection Driven Design

An inspection driven design derives dimensional tolerances from the expected measurement technique
and equipment that will be used to inspect the manufactured parts. Inspection driven design does not use
the functional limits as the assigned values for the tolerances that are placed on the drawing. The func-
tional limits of a dimensional tolerance are the limits that a feature has to be within for the part to
assemble and perform correctly.

Oneinspection driven design method assigns tolerances based on the measurement uncertainty of
the measurement system that will be used to inspect finished parts. When this method is used, the toler-
ance values that are indicated on the drawing are derived by subtracting one-half of the measurement
uncertainty from each end of the functional limits. This smaller tolerance value then becomes the basis
for part acceptance or rejection.



Inspection driven design can be effective when the de-
signer and metrologist work very closely together during the
devel opment stage of the product. However, the system breaks
down when the designer has no knowledge of metrology, if
the proposed measurement technique is not known, or if the
measurements are not made as originally conceived.

2.2 A Need for Change

The need to change from thetraditional approachesto dimen-
sioning and tolerancing was not universally recognizedinthe
United States until the 1980s. Prior to that time, tolerances
were generally assigned as an afterthought of the build-test-
fix product design process. The catalyst for change was that
American industry began to learn and practice some of the
techniques taught by Deming, Taguichi, Juran, and others
(see Chapter 1).

The 1980s also saw the introduction of the Six Sigma
Quality Method by a U.S. company (Motorola), adoption of
the Malcolm Baldrige National Quality Award, and publica-
tion of the ISO 9000 Quality Systems Standards. The entire
decade was filled with arenewed interest in a quality move-
ment that emphasized statistical techniques, teams, and man-
agement commitment. These conditions provided the ideal
setting for the birth of “dimensional management.”

2.2.1 Dimensional Management

Dimensional management is a process by which the design,
fabrication, and inspection of a product are systematically de-
fined and monitored to meet predetermined dimensional quality
goals. Itisan engineering processthat iscombined with aset of
tools that make it possible to understand and design for varia-
tion. Its purpose is to improve first-time quality, performance,
service life, and associated costs. Dimensional management is
sometimescalled dimensional contral, dimensional variationman-
agement or dimensional engineering.

2.2.2 Dimensional Management Systems

Inherent in the dimensional management process is the sys-
tematic implementation of dimensional management tools. A
typical dimensional management system uses the following
tools (see Fig. 2-1):

* Simultaneous engineering teams

* Written goals and objectives

* Design for manufacturability and design for assembly

* Geometric dimensioning and tolerancing

Dimensional Management 2-3

Simultaneous Engineering Teams

Written Goals and Objectives

Design for Manufacturability
and Assembly

Geometric Dimensioning
and Tolerancing

Key Characteristics

Statistical Process Control

Variation Measurement
and Reduction

Variation Simulation Tolerance
Analysis

Figure 2-1 Dimensional management
tools
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* Key characteristics

* Statistical process control

* Variation measurement and reduction

* Variation simulation tolerance analysis

2.2.2.1 Simultaneous Engineering Teams

Simultaneous engineering teamsare crucial to the success of any dimensional management system. They
are organized early in the design process and are retained from design concept to project completion.
Membership is typically composed of engineering design, manufacturing, quality personnel, and addi-
tional memberswith specialized knowledge or experience. Many teams al so include customer representa-
tives. Depending on the industry, they may be referred to as product development teams (PDT), inte-
grated product teams (I PT), integrated process and product development (I PPD) teams, and design build
teams (DBT).

The major purpose of a dimensional management team is to identify, document, and monitor the
dimensional management process for a specific product. They are also responsible for establishing spe-
cific goalsand objectivesthat define the amount of product dimensional variation that can be allowed for
proper part fit, function, and assembly based on customer requirements and are empowered to ensure that
these goals and objectives are accomplished. The overall role of any dimensional management teamisto
do the following:

* Participate in the identification, documentation, implementation, and monitoring of dimensional goals
and objectives.

* |dentify part candidates for design for manufacturability and assembly (DFMA).

¢ Establish key characteristics.

* |mplement and monitor statistical process controls.

* Participate in variation simulation studies.

* Conduct variation measurement and reduction activities.

* Provideoverall direction for dimensional management activities.

The most effective dimensional management teams are composed of individuals who have broad
experiencein all aspects of design, manufacturing, and quality assurance. A design engineer willing and
able to understand and accept manufacturing and quality issuesis a definite asset. A statistician with a
firm foundation in process control and a dimensional engineer specializing in geometric dimensioning
and tolerancing and variation simul ation analysis add considerabl e strength to any dimensional manage-
ment team. All members should be knowledgeable, experienced, and willing to adjust to the new dimen-
sional management paradigm. Therefore, care should be taken in selecting members of a dimensional
management team because the ultimate success or failure of any project depends directly on the support
for the team and the individual team member’s commitment and leadership.

2.2.2.2 Written Goals and Objectives

Using overall dimensional design criteria, a dimensional management team writes down the dimensional
goals and objectives for a specific product. Those writing the goals and objectives also consider the
capability of the manufacturing and measurement processes that will be used to produce and inspect the
finished product. In all cases, the goals and objectives are based on the customer requirements for fit,
function, and durability with quantifiable and measurable values.
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In practice, dimensional management objectivesare described in product data sheets. The purpose of
these data sheets is to establish interface requirements early so that any future engineering changes
related to the subject part are minimal. The datasheetstypically include adrawing of theindividual part or
subassembly that identifies interface datums, dimensions, tolerance requirements, key characteristics,
tooling locators, and the assembly sequence.

2.2.2.3 Design for Manufacturability (DFM) and Design for Assembly (DFA)

A design for manufacturability (DFM) program attempts to provide compatibility between the definition
of the product and the proposed manufacturing process. The overall objectiveis for the manufacturing
capabilities and processto achieve the design intent. This objective is not easy to accomplish and must
be guided by an overall strategy. One such strategy that has been devel oped by Motorolalnc. involves
six fundamental steps summarized below in the context of dimensional management team activities.

Step 1. Identify the key characteristics.

Step 2: Identify the product elements that influence the key characteristics defined in Step 1.

Step 3: Define the process elements that influence the key characteristics defined in Step 2.

Step 4: Establish maximum tolerances for each product and process element defined in Steps 2 and 3.
Step 5: Determine the actual capability of the elements presented in Steps 2 and 3.

Step 6: Assure Cp 3 2; Cpk3 1.5. See Chapters 8, 10, and 11 for more discussion on Cp and Cpk.

Designfor assembly (DFA) isamethod that focuses on simplifying an assembly. A major objective of
DFA isto reduce the number of individual parts in the assembly and to eliminate as many fasteners as
possible. The results of applying DFA are that there are fewer parts to design, plan, fabricate, tool,
inventory, and control. DFA will aso lower cost and weight, and improve quality.

Some critical questions that are asked during a DFA study are as follows:

* Do the parts moverelative to each other?
* Do the parts need to be made from different material?
* Do the parts need to be removable?

If the answer to all of these questions is no, then combining the parts should be considered. The
general guidelines for conducting a DFA study should include a decision to:
* Minimizethe overall number of parts.

* Eliminate adjustments and reorientation.

* Design partsthat are easy toinsert and align.

* Design the assembly processin alayered fashion.

* Reduce the number of fasteners.

¢ Attempt to use acommon fastener and fastener system.
* Avoid expensive fastener operations.

* Improve part handling.

¢ Simplify service and packaging.
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2.2.2.4 Geometric Dimensioning and Tolerancing (GD&T)

Geometric dimensioning and tolerancing is an international engineering drawing system that offers a
practical method for specifying 3-D design dimensions and tol erances on an engineering drawing. Based

on a universally accepted graphic language, as published in national and international standards, it

improves communication, product design, and quality. Therefore, geometric dimensioning and tolerancing

is accepted as the language of dimensional management and must be understood by all members of the
dimensional management team. Some of the advantages of using GD& T on engineering drawings and

product data sheets are that it:

* Removes ambiguity by applying universally accepted symbols and syntax.

* Usesdatums and datum systemsto define dimensional requirements with respect to part interfaces.
* Specifiesdimensions and related tolerances based on functional relationships.

* Expresses dimensional tolerance requirements using methods that decrease tol erance accumulation.
* Providesinformation that can be used to control tooling and assembly interfaces.

See Chapters 3 and 5 for more discussion of the advantages of GD&T.

2.2.2.5 Key Characteristics

A key characteristic is a feature of an installation, assembly, or detail part with a dimensional variation
having the greatest impact on fit, performance, or servicelife. Theidentification of key characteristicsfor
aspecific product istheresponsibility of the dimensional management team working very closely withthe
customer.

Key characteristicidentificationisatool for facilitating assembly that will reduce variability withinthe
specification limits. This can be accomplished by using key characteristics to identify features where
variation from nominal is critical to fit and function between mating parts or assemblies. Those features
identified as key characteristics are indicated on the product drawing and product data sheets using a
unique symbol and some method of codification. Features designated as“key” undergo variation reduc-
tion efforts. However, key characteristic identification does not diminish the importance of other nonkey
featuresthat still must comply with the quality requirements defined on the drawing.

Theimplementation of akey characteristic system has been shown to be most effective when the key
characteristics are:

* Selected frominterfacing control features and dimensions.
¢ |ndicated on the drawings using a unique symbol.

¢ Established in ateam environment.

* Few in number.

* Viewed as changeable over time.

* Measurable, preferably using variable data.

¢ Determined and documented using a standard method.

2.2.2.6 Statistical Process Control (SPC)

Statistical processcontrol isatool that uses statistical techniquesand control chartsto monitor aprocess
output over time. Control chartsareline graphsthat are commonly used to identify sourcesof variationin
akey characteristic or process. They can be used to reveal aproblem, quantify the problem, help to solve
the problem, and confirm that corrective action has eliminated the problem.
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A standard deviation isaunit of measure used to describe the natural variation above an average or
mean value. A normal distribution of aprocessoutput resultsin 68% of the measured datafalling withintl
standard deviation, 95% falling within +2 standard deviations, and 99.7% falling within +3 standard
deviations.

Thenatural variationin akey characteristic or processdefinesits process capability. Capability refers
tothetotal variation within the process compared to asix standard deviation spread. Thiscapability isthe
amount of variation that isinherent in the process.

Process capability isexpressed asacommon ratio of “Cp” or “Cpk.” Cpisthewidth of the engineer-
ing tolerance divided by the spread in the output of the process. The higher the Cp value, the less
variance thereisin the process for agiven tolerance. A Cp3 2.0isusually adesired minimum value.

Cpk isaratio that compares the average of the processto the tolerance in relation to the variation of
the process. Cpk can be used to measure the performance of a process. It does not assume that the
processiscentered. The higher the Cpk valuethelesslossisassociated with the variation. A Cpk 3 15is
usually adesired minimum value.

Cp and Cpk values are simply indicators of progressin the effort to refine a process and should be
continuously improved. To reduce rework, the process spread should be centered between the specifica-
tion limits and the width of the process spread should be reduced. See Chapters 8 and 10 for more
discussion of Cp and Cpk.

2.2.2.7 Variation Measurement and Reduction

After key characteristics have been defined and process and tooling plans have been devel oped, parts
must be measured to verify conformance with their dimensional specifications. This measurement data
must be collected and presented in a format that is concise and direct in order to identify actual part
variation. Therefore, measurement plans and procedures must be able to meet the following criteria:

* The measurement system must provide rea -time feedback.

* The measurement process should be simple, direct, and correct.

* Measurements must be consistent from part to part; detail to assembly, etc.

* Data must be taken from fixed measurement points.

* Measurements must be repeatable and reproducible.

* Measurement data display and storage must be readable, meaningful, and retrievable.

A continuous program of gage and tooling verification and certification must also be integrated
within theframework of the dimensional measurement plan. Gage repeatability and reproducibility (GR&R)
studiesand reports must be astandard practice. Assembly tooling must be designed so that their locators
are coordinated with the datums established on the product drawings and product data sheets. Thiswill
ensure that the proper fit and function between mating parts has been obtained. The actual location of
thesetooling points must then be periodically checked and validated to ensure that they have not moved
and are not introducing errorsinto the product. See Chapter 24 for more discussion of gage repeatability
and reproducibility (GRER).

2.2.2.8 Variation Simulation Tolerance Analysis

Dimensional management tools have been successfully incorporated within commercial 3-D simulation
software (see Chapter 15). The typical stepsin performing a simulation study using simulation software
are listed below (see Fig. 2-2):
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Step 1. A conceptual design is created within an existing com-

puter aided engineering (CAE) software program asa3-D
solid model. Conceptual Design

(3-D Solid Model)

Step 2: Thefunctional featuresthat are critical to fit and function
for each component of an assembly are defined and rela- l

tionships established using GD& T symbology and da-
tum referencing.

Step 3: Dimensioning schemes are created in the CAE and are

verified and analyzed by the simulation software for cor- Functional Feature
rectness to appropriate standards. Definition (GD&T)

Step 4: Using information from the CAE database, a functional
assembly model is mathematically defined and a defini- l
tion of assembly sequence, methods, and measurements
iscreated.

Step 5: Using thefunctional assembly model, a3-D assembly tol- GD&T Verification
eranceanalysisisstatistically performed to identify, rank, and Analysis
and correct critical fit and functional relationships between
the mating parts that make up the assembly. l

The advantages of using simulation software are that it can be
integrated directly with existing CAE softwareto provide aseamless

communication tool from conceptual design to final assembly simu- Functional Assembly
lation without the expense of building traditional prototypes. The Model
results also represent reality because the simulations are based on

statistical concepts taking into account the relationship between l
functional requirements as well as the expected process and mea-

surement capabilities.

3-D Assembly Tolerance

2.3 The Dimensional Management Process .
Analysis

The dimensional management process can be divided into four gen-
eral stages: concept, design, prototype, and production. These Figure 2-2 Variation simulation
stages integrated with the various dimensional management tools analysis

can be represented by aflow diagram (see Fig. 2-3).

Thekey factor in the success of a dimensional management program is the commitment and support
provided by upper management. Implementing and sustaining the dimensional management process
requires amajor investment in time, personnel, and money at the early stages of a design. If top manage-
ment is not willing to make and sustain its commitment to the program throughout its life cycle, the
program will fail. Therefore, no dimensional management program should begin until program directives
from upper management clearly declare that sufficient personnel, budget, and other resources will be
guaranteed throughout the duration of the project.

Itisimperativethat the product dimensional requirementsare clearly defined in written objectives by
the dimensional management team at the beginning of the design cycle. These written objectives must be
based on the customer’ srequirementsfor the design and the process and measurement capabilities of the
manufacturing system. If the objectives cannot be agreed upon by a consensus of the dimensional
management team, the program cannot proceed to defining the design concept.
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The design concept is defined by developing a 3-D solid model using a modern computer-aided
engineering system. The 3-D model provides a product definition and is the basisfor all future work.

Key characteristics areidentified on individual features based on the functional requirements of the
mating partsthat make up assembliesand sub-assemblies. Featuresthat are chosen askey characteristics
will facilitate assembly and assist in reducing variability during processing and assembly.

Geometric dimensioning and tol erancing schemes are devel oped on the basis of the key characteris-
ticsthat are chosen. Other requirementsfor correct fit and function between mating parts are al so consid-
ered. A major objectivefor thisGD& T activity isto establish datums and datum reference frames that will

Management Support
(Program Directives)

v

Define Objectives
(Team Buy-in)

y

Define Design Concept
(3-D Model)

y

Identify Key Characteristics
(Functional Requirements)

y

Develop GD&T Scheme

(Build Requirements)
¢ Refine Product / Process
Variation Simulation Tolerance Design
Analysis A
(3-D Computer Software) Optimize Desian / Process
(3-D Analysis)

1 v
Verify Tool & Fixture Designs

v

Validate Gage & Fixture

Capability
Support Release / Production SPC Data Collection
[ (Problem Resolution)

Figure 2-3 The dimensional management process
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maintain correct interface between critical features during assembly. The datum system expressed by
GD& T symbology also becomesthe basisfor determining build requirementsthat will influence process-
ing, tooling, and inspection operations.

The product and process designs are optimized using variation simulation software that creates a
functional assembly model. A mathematical definition of the assembly sequence, methods, and mea-
surements that are based on the design concept, key characteristics, and GD& T scheme established in
earlier stages of the program is created. This definition is used to statistically perform simulations based
on known or assumed Cp and Cpk values, and to identify, rank, and correct critical fit and functional
rel ationshi ps between mating parts. These simulation toolsare also used for the verification of thedesign
of thetools and fixtures. Thisis done so that datums are correctly coordinated among part features, and
the surfaces of tool and fixture locators are correctly positioned to reduce variation.

Measurement data is collected from gages and fixtures before production to verify their capability
and compatibility with the product design. When the measurement dataindicates that the tooling is not
creating significant errors and meets the defined dimensional objectives, the product is released for
production. If any problems are discovered that need a solution, further simulation and refinement is
initiated.

During production statistical process control datais collected and analyzed to continually refineand
improve the process. This in turn produces a product that has dimensional limits that will continue to
approach their nominal values.

The dimensional management process can substantially improve dimensional quality for the follow-
ing reasons:

* The product dimensional requirements are defined at the beginning of the design cycle.
* The design, manufacturing, and assembly processes all meet the product requirements.
* Product documentation is maintained and correct.

* A measurement plan is implemented that validates product regquirements.

* Manufacturing capabilities achieve design intent.

* A feedback loop exists that ensures continuous improvement.
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2.5 Glossary
Dimensional management - A process by which the design, fabrication, and inspection of a product is
systematically defined and monitored to meet predetermined dimensional quality goals.

Dimensional management process - The integration of specific dimensional management tools into the
concept, design, prototype, and production stages of a product life cycle.

Dimensional management system - A systematic implementation of dimensional management tools.

Key characteristics - A feature of an installation, assembly, or detail part with a dimensional variation
having the greatest impact on fit, performance, or servicelife.
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Variation measurement and reduction - Those activitiesrelating to the measurement of fabricated partsto
verify conformance with their dimensional specifications and give continuous dimensional improve-
ment.

Variation simulation tolerance analysis- The use of 3-D simulation softwarein the early stagesof adesign
to perform simulation studiesin order to reduce dimensional variation before actual parts are fabri-
cated.
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Dr. Hetland is the manager of corporate standards and measurement sciences at Hutchinson Technol-
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tional, and industrial standardsresearch and devel opment effortsin the areas of global tolerancing of
mechanical parts and supporting metrology. Dr. Hetland' s research has focused on “ tolerancing opti-
mization strategies and methods analysisin a sub-micrometer regime.”

3.1 Tolerancing Methodologies

This chapter will give a few examples to show the technical advantages of transitioning from linear
dimensioning and tolerancing methodol ogi es to geometric dimensioning and tol erancing methodol ogies.
Thekey hypothesisisthat geometric dimensioning and tolerancing strategies are far superior for clearly
and unambiguously representing design intent, as well as allow the greatest amount of tolerance.

Geometric definitions can have only one clear technical interpretation. If there is more than one
interpretation of atechnical requirement, it causes problemsnot only at thedesign level, but also through
manufacturing and quality. This problem not only adds confusion within an organization, but also ad-
versely affectsthe supplier and customer base. Thisisnot to say that utilization of geometric dimension-
ing and tolerancing will always make the drawing clear, because any language not used correctly can be
misunderstood and can reflect design intent poorly.

3.2 Tolerancing Progression (Example #1)

Figs. 3-1to 3-3 show three different dimensioning and tolerancing strategiesthat are“intended” to reflect
designer’ sintent, and the supporting figures are intended to show the degree of variation allowed by the
defined strategy. These three strategies reflect a progression of attempts to accomplish this goal.

3-1
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Fig. 3-3 depicts the optimum dimensioning and tolerancing strategy reflecting the greatest allowable
flexibility for the designer and manufacturer. Note: Each of the drawings/figures is complete only to the
degree necessary to discuss the featuresin question.

Prior to elaborating on each of the strategies, it is critical to understand what the designer was
attempting to allow on theinitial design. In this case, the designer intendsto have the external boundary
utilize a space of 6.35 mm +0.025 mm “square,” and to have the hub (inside diameter) on “center” of the
square within £0.025 mm. With this being the designer’ s goal, consider the following three strategies of
dimensioning and tolerancing.

3.2.1 Strategy #1 (Linear)

Fig. 3-1larepresentsthe original dimensioning and tolerancing strategy that isstrictly linear. Inthisfigure,
the outside shape in the vertical and horizontal directionsis 6.35 mm £0.025 mm, whilethe hub islocated
at half the distance of the nominal width from the center of the part. Section A-A shows the allowable
variation for the inside diameter.

Based on the defined goal of the designer, there are a number of problems that arise based on
interpretation of any given national or international standard that existstoday or inthe past. All comments
in this section will be limited to interpretation of the ASME Y 14.5M-1994 (Y 14.5) standard. It iscritical to
note that no industrial or company specification existed that would state anything different (related to
reducing the ambiguities based on utilizing linear tolerancing methodol ogies) from the Y 14.5 standard.

Paragraph 2.7.3 of Y 14.5 addresses the “rel ationship between individual features,” and states:

The limits of size do not control the orientation or location relationship between individual
features. Features shown perpendicular, coaxial, or symmetrical to each other must be
controlled for location or orientation to avoid incomplete drawing requirements.

Based on the above-noted paragraph, it clearly indicates Fig. 3-1ato belacking at | east some geomet-
ric controls or at a minimum some notes to identify the degree of orientation and locational control. Figs.
3-1bto 3-1g show afew of the possible combinations of part variability (represented by dashed lines) that
are allowed by the current “linear” callouts.

Fig. 3-1b shows a part perfectly square and made to its maximum size based on the tolerance specifi-
cation (6.375 mm), which would be an acceptabl e part for size. Assuming the hub was exactly in the center
wherethe designer would likeit to be, thisfeature would measure 0.0125 mm off itsideal location based on
this part’s large size. Ideal nominal was 3.175 mm, and the actual value measured was 3.1875 mm, which
would be a displacement of 0.0125 mm. It meetsintended ideal, but fails specified ideal.

LikeFig. 3-1b, Fig. 3-1c showsapart that is perfectly square but isnow madeto itsminimum allowable
size based on specification (6.325 mm), which is again acceptablefor size. Assuming the hub was exactly
in the center where the designer would like it to be, this part aso would measure 0.0125 mm off itsideal
location based now on the part’s small size. The ideal nominal was 3.175 mm, and the actual value mea-
sured was 3.1625 mm, which a so shows a displacement of 0.0125 mm. Again, it meetsintended ideal, but
fails specified ideal .

Paragraph 2.7.3 of Y14.5 stated that “the limits of size do not control the orientation.” Fig. 3-1d
describes the condition that can occur based on the lack of geometric control for orientation. In this
example, the part isrestricted to the shape of aparallelogram, and the degree allowed isquestionable. This
particular example clearly shows the designer’s intent would not be met if this condition was accepted.
Based on the drawing callouts currently defined, it could not be rejected.

Fig. 3-1e showsacombination of Figs. 3-1b and 3-1c whereit allowsthe shape to be small at one end
and large at the other. Fig. 3-1f takesthis one step further and showsapart that is, for the most part, large,
except al the variability (0.05 mm) shows up on one edge.
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Fig. 3-1gisshowing apart madetoitslargesize (likeFig. 3-1b), and the hub shifted of f the“designer’s
ideal” center, soitiscentered onitsnominal dimension. Thisfigure also showsthe effect thiswould have
on its opposing corner which would be a displacement out to its worst-case tolerance of +0.025 mm
(3.2 mm). The more challenging part would be to determine which edge is being measured, from one part
to the next. Thisis somewhat difficult to do on a part that is designed perfectly symmetrical.
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The above comments are not intended to identify all the potential problems, or even to touch on the
probability of occurrence. These comments should identify afew obvious problems with this particular
dimensioning and tolerancing strategy. It did not take long for the designer to realize this particular
drawing was missing requirements to state what was intended to be allowed. Based on some initial
training in geometric dimensioning and tolerancing, the designer modified the drawing as shown in Fig.
3-2a. Thisleadsinto strategy #2 which isacombination of linear and geometric tolerancing.
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Figure 3-2 Linear and geometric dimensioning and tolerancing boundary example
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3.2.2 Strategy #2 (Combination of Linear and Geometric)

Fig. 3-2aisacombination of linear and geometric callouts, and clearly adds controlsfor orientation of one
surfaceto another. Thisisachieved with perpendicularity calloutson theleft and right sides of the part in
relationship to datum -B-, along with a parallelism callout on the top of the part, also to datum -B-. In
addition, position callouts were added to each of the size dimensions (6.35 mm +0.025 mm) and were
controlled in relationship to datum -A-, which is the “axis’ of the inside diameter (1.93 mm +0.025 mm /
—0 mm). Figs. 3-2b to 3-2g define some of the conditions allowed by these drawing callouts.

Fig. 3-2b shows a part perfectly square and made to its maximum size based on the specification
(6.375 mm), which would be an acceptabl e part for size. Assuming the hub was exactly in the center where
thedesigner would likeit to be, this part would measure 3.1875 mm. Unlike the negative impact mentioned
inregardsto Fig. 3-1b, this measurement adds no negative impact to specifications because the “ center
plane” is now being located from the “ center” of the inside diameter.

Like Fig. 3-2b, Fig. 3-2c shows a part that is perfectly square and made to its minimum allowable size
based on the specifications (6.325 mm), which is again acceptable for size. Again, assuming the hub was
exactly in the center where the designer would like it to be, the 3.1625 mm measurement has no negative
impact on specifications.

Fig. 3-2d (like Fig. 3-1d) shows a part on the large side of the tolerance allowed, with its orientation
skewed to the shape of a parallelogram. In this example, however, the perpendicularity callouts added in
Fig. 3-2acontrol the amount this condition can vary. In this caseit is 0.025 mm. The problem that stands
out hereisthat the designer’s original intent stated: to have the external boundary utilize a space of 6.35
mm*0.025 mm “square.” Based on this requirement, it's clear this objective was not met. Granted, it is
controlled tighter than the requirements defined in Fig. 3-1a, but it still does not meet the designer’s
expectations.

Fig. 3-2e shows a combination of Figs. 3-2b and 3-2c (like Figs. 3-1b and 3-1¢), in that it allows the
shape to be small at one end and large at the other. Unlike Figs. 3-1b and 3-1c, Fig. 3-2e restricts the
magnitude of change from one end to the other by the parallelism and perpendicularity callouts shownin
Fig. 3-2a

Becausethispartissymmetrical, aunique problem surfacesin thisexample. Using Fig. 3-2e, assuming
the bottom surface is datum -B-, the top surface is shown to be perfectly parallel. Due to the part being
symmetrical, it isimpossible to determine which surfaceistruly datum -B-. So, if we assume the left-hand
edge of the part as shown in Fig. 3-2e was the datum, the opposite surface (based on the shape shown)
would show to beout of parallel by 0.05 mm. Thisclearly showsthat problemsin the geometric calloutsare
not only inthe design area, but also in the ability to measure consistently. Like-type parts could measure
good or bad, depending on the surface identified as datum -B-.

Fig. 3-2f again shows displacement in shape allowed. In this case it shows a part that isfor the most
part large, except al the variability (0.025 mm) shows up on one edge. The limiting factor (depending on
which surface is“chosen” as datum -B-) is the perpendicularity or parallelism callouts.

Fig. 3-2gisshowing apart madeto itslarge size (like Fig. 3-1b), and the 0.05 mm zone allowed by the
position callout. Unlike Fig. 3-1g, the larger or smaller size of the square shape has no impact on the
position. Based onthecallout in Fig. 3-2a, the center planes (mid-planes) in both directionsmust fall inside
the dashed boundaries.

The above comments concerning Fig. 3-2a areintended to show atolerancing strategy that encom-
passes both liner and geometric callouts but still does not meet the designer’s intended expectations.
Based on this, the designer modified the drawing again, as shown by Fig. 3-3a, which led to strategy #3.
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3.2.3 Strategy #3 (Fully Geometric)

Fig. 3-3aisthe optimum dimensioning and tolerancing strategy for this design example. In this case, the
outside shape is defined clearly as a square shape that is 6.35 mm “basic,” and is controlled with two
profilecallouts. The 0.05 mm toleranceisshownin relationship to datums-B- and -A-, controlling primarily
the“location” of the hub in relation to the outside shape (depicted by Fig. 3-3b). The 0.025 mm tolerance
isshown in relationship to datum -B- and controls the total variation of “shape” (depicted by Fig. 3-3c).
Thistolerancing strategy clearly defines the designer’ sintent.
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Figure 3-3 Fully geometric dimensioned and toleranced boundary example

3.3 Tolerancing Progression (Example #2)

Thissecond exampleisintended to show the tolerancing progression for locating two mating plates (one
platewith four holes and the other with four pins). Designintent requires both platesto be located within
asize and location tolerance that will allow them to fit together, with aworst-casefit to be no tighter than
a‘“line-to-line” fit. In addition, the relationship of the holes to the outside edges of the part is critical.
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The tolerance progression will start with linear dimensioning methodologies and will progress to
using geometric symbology, which in this case will be position. This progression will conclude with the
optimum tolerancing method for this design application, which will be a positional tolerance using zero
tolerance at maximum material condition (MMC). All exampleswill follow the same*“ designintent” and use
the same two plate configurations.

Initially, each figure showing atolerancing progression will be displayed showing a“front and main
view" for each part, along with a“tolerance stack-up graph” at the bottom of thefigure (seeFig. 3-4 asan
example). The component on the left will always show the part with four inside diameter holes, while the
component on theright will always show the part with four pins. The tolerance stack-up graph will show
theallowablelocation versusallowabl e size asthey rel ate to the applicable component on their respective
sides.
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Figure 3-4 Tolerance stack-up graph (linear tolerancing)
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Thecritical itemsto follow inthisexample (aswell as subsequent examples) are the dimensioning and
tolerancing controlsand the associative “ tol erance stack-up” that occurs. Common practicefor designers
is to identify the worst-case condition that each component will allow, to ensure the components will
assemble. Thistolerance stack-up will be displayed graphically within each of thefigures, such astheone
shown at the bottom of Fig. 3-4.

Each component will be specified showing nominal size and tolerance for the inside diameter 2.8 mm
+?? mm) and outside diameter (2.4 mm £?? mm “pins’). The size tolerance will change in some of the
progressions, and the positional requirements will changein “each” of the progressions, both of which
will be variables to monitor in the tolerance stack-up graph. The tolerance stack-up graph is the primary
visual tool that monitors primary differencesin the callouts. More filled-in graph areaindicates that more
tolerance is allowed by the dimensioning and tolerancing strategy.

To clarify the components of the graph so they are interpreted correctly, continue to follow alongin
Fig. 3-4. The horizontal scale of the graph shows size variation allowed by the size tolerance, while the
vertical scale showslocational variation allowed by the feature’ slocational tolerance. Each squarein the
grid equals0.02 mm for convenience. The center of the horizontal scal e represents (in these examples) the
“virtual condition” (VC), which isthe worst case stack-up allowed by both components as the size and
locational tolerances are combined. This condition tests for the line-to-linefit required by the designer.

Based on the above classifications, the reader should be able to follow along more easily with the
differencesin the following figures.

3.3.1 Strategy #1 (Linear)

Fig. 3-4representstheoriginal dimensioning and tolerancing strategy that isstrictly “linear.” Theleft side
of the graph shows the allowable tolerance for the “inside diameter” to range from 2.74 mm to 2.86 mm,
reflected by the numbers on the horizontal scale. The positional tolerance allowed in this exampleis 0.05
mm from its targeted (defined) nominal, or atotal tolerance of 0.1 mm, reflected by the numbers on the
vertical scale. The grid (solid line portion) indicates the combined size and locational variation “initialy
perceived” to be allowed as the drawing is currently defined.

The solid line that extends from the upper right corner of the “solid grid” pattern (intersection of 0.1
on the vertical scale and 2.74 on the horizontal scale) down to the 2.64 mark on the horizontal scale,
representsthe perceived virtual condition based on the noted tol erances. This area does not show up as
agrid pattern (in thisfigure), because the actual space is not being used by either the size or positional
tolerance.

The normal calculation for determining the virtual condition boundary is to take the MMC of the
feature and subtract or add the allowable positional tolerance. This depends on whether itisan inside or
outside diameter feature (subtract if it’ san inside diameter, and add if it’ san outside diameter). In thiscase,
the MMC of theinside diameter is 2.74 mm and subtracting the allowable positional tolerance of 0.1 mm
would derive avirtual condition of 2.64 mm.

Thisiswherethefirst concern arises, which is depicted by the dashed grid areaon the graph. Prior to
detailed discussion on this dashed grid area, an explanation of the problem is necessary.

Fig. 3-5 reflects atolerance zone comparison between a square tolerance zone and a diametral toler-
ance zone shown to be centered on the noted cross-hair. At the center of thefigureisacross-hair intended
to depict the center axis of any one of the holes or pins, defined by the nominal location. In thisexample,
use the upper-left hole shown in Fig. 3-4, which isequally located from the noted (zero) surfaces by 7.62
mm “nomina” inthex andy axes. In the center of thishole (aswell asall others) thereisasmall cross-hair
depicting the theoretically exact nominal. Based on the nominalsnoted, thereisan allowabletolerance of
0.05 mminthex andy axes.
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Telerance Zone Comparisen
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tolerance zone comparison

The square shape shown in Fig. 3-5 represents the £0.05 mm location tolerance. In evaluating the
squaretolerance zone, it becomes evident that from the center of the cross-hair, the axis of the hole can be
further off (radially) inthe corner thanit caninthex andy axes. Cal culating the magnitude of radial change
shows asignificant difference (0.05 mm to 0.0707 mm). The calculations at the bottom of Fig. 3-5 show a
total conversionfrom asquareto adiametral tolerance zone, whichinthiscaseyieldsadiametral tolerance
boundary of 0.1414 mm (rounded to 0.14 mm for convenience of discussion).

Now, looking back at thegraphin Fig. 3-4, the dashed grid areashould now start to make some sense.
The square (0.05 mm) tolerance boundary actually creates an awkward shaped boundary that under
certain conditions can utilize apositional boundary of 0.14 mm. Based on this, thefollowing isarecalcu-
lation of thevirtual condition boundary. Inthis case, the MMC of theinside diameter isstill 2.74 mm, and
now subtracting the “ potentially” allowable positional tolerance of 0.14 mm derivesavirtual condition of
2.6 mm, which iswhat the second line (dashed) isintended to represent.

It should become very obviousthat it makes little sense to tol erance the location of around hole or
pin with a square tolerance zone. Going on this premise, the two parts would, in fact, assemble if the
location of agiven hole (or pin) was produced at its maximum x and y tolerance. It would make sense to
identify the tolerance boundary as diametral (cylindrical). The parts in fact will assemble based on this
condition, which iswhy geometric tolerancing in Y 14.5 progressed in this fashion. It needed some meth-
odology to represent thetol erance boundary for the axes of theholes. A diametral boundary isonereason
for the position symbol.

Up to this point, in referring to Fig. 3-4, comments have been limited to the part on the | eft side with
the through holes. All comments apply in the same fashion to the part on the right side, except for the
minor change in calculating the virtual condition. In this case, the maximum material condition of the pin
isadiameter of 2.46 mm, so“adding” the allowable positional tolerance of 0.14 mmwould resultinavirtual
condition boundary of 2.6 mm.
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Additional problems surface when utilizing linear tolerancing methodologies to locate individual
holes or hole patterns, such as the ability to determine which surfaces should be considered as primary,

secondary, and tertiary datums or if thereis aneed to distinguish adifference at all.

Thisambiguity hasthe potential of resulting in a pattern of holes shaped like a parallelogram and/or
being out of perpendicular to the primary datum or to the wrong primary datum. At aminimum, inconsis-
tent inspection methodol ogies are natural by-products of drawings that are prone to multiple interpreta-

tions.

The above comments and the progression of Y 14.5 leads to the utilization of geometric tolerancing
using afeature control frame, and in this case specifically, the utilization of the position symbol, as shown

inFig. 3-6.

.

—0
[7.62]
[30.48]
[7.62]

—O

7.62

17.78 4{?
25.4+0.1 —

[30.48]

— 38119041

iy
@_

————— 381401

®

25.4+01—

é,
o

\—;zj 2.840.08
[ 70.14/AB[C]

- (45
®

6.35=20.1 —|
y— 0 —
Allowable
hole 0.14
location
4]

Allowable
pin
location

Figure 3-6 Tolerance stack-up graph (position at RFS)



Tolerancing Optimization Strategies 3-11

3.3.2 Strategy #2 Geometric Tolerancing (-$) Regardless of Feature Size

Fig. 3-6 showsthe next progression using geometric tolerancing strategies. Tolerancesfor size areidenti-
cal to Fig. 3-4. Theonly changeislimited to the locational tolerances. In this example, the tolerance has
been removed from the nominal locations and a box around the nominal location depicts it as being a
“basic” (theoretically exact) dimension. Thelocational tolerancethat relatesto these basic dimensionsis
now located in the feature control frames, shown under the related features of size.

The diametral/cylindrical tolerance of 0.14 mm should look familiar at this point, asit was discussed
earlierinrelationto Figs. 3-4 and 3-5. Thisisageometrically correct callout that isclear initsinterpretation.
Thedatumsare clearly defined along with their order of precedence, and thetolerance zoneis descriptive
for the type of features being controlled.

The feature control frame would read as follows: The 2.8 mm holes (or 2.4 mm pins) are to be posi-
tioned within acylindrical tolerance of 0.14 mm, regardless of their feature sizes, in relationship to primary
datum -A-, secondary datum -B-, and tertiary datum -C-.

The graph at the bottom of Fig. 3-6 clearly describes the size and positional boundaries, along with
associative lines depicting the virtual condition boundary, as noted in Fig. 3-4. Based on all the issues
discussed in relation to Fig. 3-4, this would seem to be a very good example for positive utilization of
geometric tolerances. Thereis, however, an opportunity that was missed by the designer in this example.
It restricted flexibility in manufacturing as well as inspection and possibly added cost to each of the
components.

Now are-evaluation of theinitial design criteria: Designintent required both platesto be dimensioned
and located within a size and location tolerance that is adequate to allow them to fit together, with a
worst-case fit to be no tighter than a “line-to-line” fit. In addition, the relationship of the holes to the
outside edges of the part iscritical.

Based on this, re-evaluate the feature control frame and the graph. It states the axis of the holes or
pinsareallowed to move around anywherewithin the noted cylindrical toleranceof 0.14 mm, “regardless
of the features size.” This meansthat it does not matter whether the sizeis at its low or high limit of its
noted tolerance and that the positional tolerance of 0.14 mm does not change.

It would make sensethat if the hole on agiven part wasmadeto itssmallest size (2.74 mm) and the pin
on agiven mating part was made to itslargest size (2.46 mm), that the worst case allowabl e variation that
could be allowed for position would each be 0.14 mm (2.74 mm - (minus) 2.46 mm = 0.28 mm total variation
alowed between thetwo parts). The graph clearly showsthiscondition to reflect theworst caseline-to-line
fit.

If, however, the size of the hole on agiven part was made to itslargest size (2.86 mm) and the pin on
a given mating part was made to its smallest size (2.34 mm), it would make sense that the worst case
allowable positional variation could be larger than 0.14. Evaluating this further as was done above to
determine a line-to-line fit would be as follows: 2.86 mm - 2.34 mm = 0.52 mm total variation alowed
between the two parts.

The graph clearly indicates this condition. It would seem natural, due to the combined efforts of size
and positional tolerance being used to determine the worst-case virtual condition boundary, that there
should be some means of taking advantage of the two conditions. Fig. 3-7 depicts the flexibility to allow
for this condition, which isthe next step in thistolerance progression.
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3.3.3 Strategy #3 (Geometric Tolerancing Progression at Maximum
Material Condition)

Fig. 3-7 showsthe next progression of enhancing the geometric strategy showninFig. 3-6. All tolerances
areidentical to Fig. 3-6. Theonly differenceistheregardless of feature size condition noted in thefeature
control frameis changed to maximum material condition. Again, thiswould be considered a clean callout.

The feature control frame would now read as follows. The 2.8 mm holes (or 2.4 mm pins) are to be
positioned within acylindrical tolerance of 0.14 mm, at its maximum material condition, in relationship to
primary datum -A-, secondary datum -B-, and tertiary datum -C-.

The graph at the bottom of Fig. 3-7 clearly describes the size and positional boundaries along with
associative lines depicting the virtual condition boundary. Unlike Figs. 3-4 and 3-6, the grid areais ho
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longer rectangular. The range of the size boundary has not changed, but the range of the allowable
positional boundary has changed significantly, due solely to the additional area above 0.14 mm being a
function of size.

Evaluation of thefeature control frame and graph depict the axis of the holes or pins, allowed to move
around anywhere within the noted cylindrical tolerance of 0.14 mm when the feature is produced at its
maximum material condition. The twist here is that as the feature departs from its maximum material
condition, the displacement is additive one-for-one to the already defined positional tolerance. This
supportsthe previous comments very well. Table 3-1 identifies the bonustolerance gained to position as
the feature' s size is displaced from its maximum material condition and can be visually followed on the
graphinFig. 3-7.

Table 3-1 Bonus tolerance gained as the feature’s size is displaced from its MMC

Feature Size Displacement from MMC All O\'/I'vglbelreaﬁgsti on
2.74 0.00 0.14
2.76 0.02 0.16
2.78 0.04 0.18
2.80 0.06 0.20
2.82 0.08 0.22
2.84 0.10 0.24
2.86 0.12 0.26

The combined efforts of size and positional tolerance utilized in thisfashionis aclean way of taking
advantage of the two conditions. Individualsinvolved with the Y 14.5 committee recognize this. Thereis,
however, an opportunity herethat still restricts“ optimum” flexibility in many aspects. Fig. 3-8 depictsthe
flexibility to allow for this condition, which isthe final step in thistolerance progression.

3.3.4 Strategy #4 (Tolerancing Progression “Optimized”)

Fig. 3-8 shows the final/optimum strategy of this tolerancing progression. Both size and positional toler-
ances have been changed to reflect the spectrum of design, manufacturing, and measurement flexibility.
Nominalsfor size were kept the same only for consistency in the graphs.

Thistolerancing strategy isan extension of the concept shownin Fig. 3-7 that allowed bonustol erancing
for the locational tolerance to be gained as the feature departed from its maximum material condition. In
similar fashion, the function of this part allows the flexibility to also add tolerance in the direction of size.
In this case, when less |ocational toleranceis used, moretolerance is available for size.

Thefeature control frame now readsasfollows: The 2.8 mm holes(or 2.4 mm pins) areto be positioned
within a cylindrical tolerance of “0” (zero) at its maximum material condition in relationship to primary
datum -A-, secondary datum -B-, and tertiary datum -C-.
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According to the graph, when the feature is produced at its maximum material condition, thereisno
tolerance. But as the feature departs from it maximum material condition, its displacement is equal to the
allowabletolerancefor position. This supportsthe comments considered beforevery well. The sametype
of matrix as shown before could be developed to identify bonus tolerance gained to position as the
feature’ ssizeis displaced from its maximum material condition. It can naturally be followed on the graph.

The virtual condition boundary still creates aworst case condition of 2.6 mm. The maximum material
condition of both components now equalsacylindrical boundary of 2.6 mm, which meansthereisnothing
left over for positional tolerance to be split between the two components.
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3.4 Summary

Fig. 3-9 shows a summary of the boundaries each of the geometric progressions allowed. Each of these
progressionsisallowed by the current Y 14.5 standard, but theflexibilitiesare not clearly understood. The
intent of outlining these optimization strategiesisto highlight the types of opportunities and strengths
this engineering language makes available to industry in a sequential/graphical methodology.
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Figure 3-9 Summary graph
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Patrick J. McCuistion, Ph.D., Senior GDTP, is an associate professor of Industrial Technology at Ohio
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has provided instruction in geometric dimensioning and tolerancing and dimensional analysis to many
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Committee, Y14.3 Multiview and Sectional View Drawings, Y14.5 Dimensioning and Tolerancing, Y14.11
Molded Part Drawings, Y14.35 Drawing Revisions, Y14.36 Surface Texture, and B89.3.6 Functional
Gages.

4.1 Introduction

The engineering drawing is one of the most important communication tool s that acompany can possess.
Drawingsarenot only art, but also legal documents. Engineering drawings areregularly used to provethe
negligence of one party or another in acourt of law. Their creation and maintenance are expensive and time
consuming. For these reasons, the effort made in fully understanding them cannot be taken for granted.

Engineering drawings require extensive thought and time to produce. Many companies are using
three-dimensional (3-D) computer aided design databases to produce parts and are bypassing the tradi-
tional two-dimensional (2-D) drawings. |nmany ways, creating an engineering drawing isthe sameasa
part production activity. The main difference between drawing production and part production isthat the
drawing serves many different functionsin acompany. Pricing usesit to calcul ate product costs. Purchas-
ing uses it to order raw materials. Routing uses it to determine the sequence of machine tools used to
produce the part. Tooling usesit to make production, inspection, and assembly fixtures. Production uses
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the drawing information to make the parts. Inspection uses it to verify the parts have met the specifica-
tions. Assembly usesit to make sure the partsfit as specified.

This chapter provides a short drawing history and then covers the main components of mechanical
engineering drawings.

4.2 Drawing History

The earliest known technical drawing was created about 4000 BC. It is an etching of the plan view of a
fortress. The first written evidence of technical drawings dates to 30 BC. It is an architectural treatise
stating the need for architects to be skillful asthey create drawings.

The practice of drawing views of an object on projection planes (orthographic projection) was devel-
oped in the early part of the fifteenth century. Although none of Leonardo daVinci’'s surviving drawings
show orthographic views, itislikely that he used the technique. Histreati se on painting used the perspec-
tive projection theory.

Asaresult of theindustrial revolution, the number of people working for companiesincreased. This
also increased the need for multiple copies of drawings. In 1876, the blueprinting machine was displayed
at the bicentennial exposition in Philadelphia, PA. Although it was a messy process at first, it made
multiple copies of large drawings possible. As drawings changed from an art form to a communication
system, their creation also changed to a production activity.

From about 1750, when Gaspard Monge devel oped descriptive geometry practices, to about 1900,
most drawings were created using first-angle projection. Starting in the late nineteenth century, most
companiesinthe United States switched to third-angle projection. Third-angle projectionisconsidered a
morelogical or natural positioning of views.

While it is common practice for many companies to create parts using a 3-D definition of the part,
2-D drawingsare still the most widely used communication tool for part production. The main reason for
thisis, if aproduct breaks down in aremote location, a replacement part could be made on location from
a2-D drawing. The same probably would not betrue from a3-D computer definition.

4.3 Standards

If amachinist inamachine shop in aremotelocation isrequired to make apart for aUS-built commercial
aircraft, he or she must understand the drawings. This requires worldwide, standardized drafting prac-
tices. Many countries support anational standards development effort in addition to international partici-
pation. In the United States, the two groups of standards that are most influential are developed by the
standards development bodies administered by the American National Standards Institute (ANSI) and
the International Organization for Standardization (1SO). See Chapter 6 for acomparison of USand SO
standards.

43.1 ANSI

The ANSI administersthe guidelinesfor standards creation in the United States. The American Society of
Mechanical Engineers sponsors the development of the Y 14 series of standards. The 26 standardsin the
series cover most facets of engineering drawings and related documents. Many of the concepts about
how to read an engineering drawing presented in this chapter come from these standards. In addition to
the Y 14 series of standards, the complete library should a so possessthe B89 Dimensional M easurement
standards series and the B46 Surface Texture standard.
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4.3.2 ISO

Thel SO, created in 1946, hel ped provide astructureto rebuild the world economy (primarily Europe) after
World War 11. Even though the United States has only one vote in international standards devel opment,
the US continues to propose many of the concepts presented in the 1 SO drafting standards.

4.4 Drawing Types

Of the many different types of drawingsamanufacturing company might require, the three most common
are note, detail, and assembly.

441 Note

Commonly used parts such as washers, nuts and bolts, fittings, bearings, tubing, and many others, may
be identified on a note drawing. As the name implies, note drawings do not contain graphics. They are
usually small drawings (A or A4 size) that contain awritten description of the part. See Fig. 4-1.

4.4.2 Detail

The detail drawing should show all the specificationsfor one unique part. Examples of different types of
detail drawingsfollow.

HEX HEAD CAP SCREW
.25—20UNC—-2A X 1.50

GRADE 2

CHROME PLATE .001-.002 THK
VENDOR — HILMAN

VENDOR NO. — 190018
TITLE
HEX HD CAP SCR
ATHENS, OHIO

DRAWN \AC DATE{_19—98 |SIZE| THIRD B@ SCALE |SHEET |REV
A ANGLE —— 1/1 -

CHECKED ppp DATE1_22-98 [bwe No. 2

APPROVED [)a A DATE{_o8_g8 FW 9OOW 8

T

Figure 4-1 Note drawing
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4.4.2.1 Castor Forged Part

Along with normal dimensions, the detail drawing of acast or forged part should show parting lines, draft
angles, and any other unique features of the part prior to processing. See Fig. 4-2.

This drawing does not show any finished dimensions. Many companies combine cast or forged
drawings with machined part drawings. Phantom lines are commonly used to show the cast or forged
outline.

4.4.2.2 Machined Part

Finished dimensions are the main features of amachined part drawing. A machined part drawing usually
does not specify how to achievethe dimensions. Fig. 4-3 showsamachined part made from acasting. Fig.
4-4 shows amachined part made from round bar stock.

4.4.2.3 Sheet Stock Part

Because there are different methods of forming sheet stock, drawings of these types of parts may look
quite different. Fig. 4-5 shows adrawing of a structural component for an automobile frame. The part is
illustrated primarily in 3-D with one 2-D view used to show detail. In these cases, the part geometry is
stored in a computer database and is used throughout the company to produce the part. Fig. 4-6 shows a
very different type of drawing. Itisaflat pattern layout of atransition.

443 Assembly

Assembly drawings are categorized as subassembly or final assembly. Both show the rel ative positions of
parts. They differ only in where they fit in the assembly sequence.

Assembly drawings are usually drawn in one of two forms: exploded pictorial view (see Fig. 4-7) or
2-D sectioned view (seeFig. 4-8). Two common el ements of assembly drawingsareidentification balloons
and partslists. Theitem numbersin the balloons (circleswith leaders pointing to individual parts) relate
to the numbersin the partslist.

45 Border

Theborder isdrawn around the perimeter of the drawing. It isathick line with zone identification marks
and centering marks. SeeFig. 4-9.

45.1 Zones and Center Marks

The short marks around the rectangular border help to identify the location of points of interest on the
drawing (similar to aroad map). When discussing the detail s of adrawing over the telephone, the zone of
thedetail (A, 1 would bethelocation of thetitle block) is provided so thelistener can find the same detail.
Thisisparticularly important for very detailed large drawings. The center marks, often denoted by arrows,
are used to align the drawing on a photographic staging table when making microfilm negatives.
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Figure 4-7 Exploded pictorial assembly drawing
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452 Size Conventions

Most drawings conform to one of the sheet sizeslisted below. If the drawing islarger than these sizes, it
isgenerally referredtoasa*“roll size” drawing.

INCH METRIC
Code Sze Code Sze
A 85X 11 A4 210X 297
B 11X 17 A3 297 X 420
C 17X 22 A2 420X 594
D 2X34 Al 594 X 841
E 34X 44 A0 841X 1189
4.6 Title Blocks

The part of adrawing that has the highest concentration of information is usually thetitle block (see Fig.
4-9). It is the door to understanding the drawing and the company. Although there are many different
arrangements possible, a good title block has the following characteristics.

* |tisappropriate for the drawing type.

¢ [tisintelligently constructed.

¢ [ltisfilledincompletely.

¢ All thesignatures can be signed off within a short time frame.

Some drawing typeswill not use all of thefollowing title block elements. For example: an assembly
drawing may not require dimensional tolerances, surface finish, or next assembly. Although title block
sizes and configurations have been standardized in ASME Y 14.2, most companies will maintain the
standard information but modify the configuration to suit their needs.

Reference Fig. 4-9for thefollowing standard title block items:

46.1 Company Name and Address

Many companiesinclude their logo in addition to their name and address.

46.2 Drawing Title

When the drawing title is more than one word, it is often presented as the noun first and the adjective
second. For example, SPRING PIN iswritten PIN, SPRING. Thismakesit easier to search all thetitleswhen
thefirst word isthe key word in thetitle. Thereisno standard length for atitle although many companies
use about 15 character spaces. Abbreviations should not be used except for the words “assembly,”
“subassembly,” and “installation,” and trademarked names.

4.6.3 Size

The code | etter for the sheet sizeis noted here. See Section 4.5.2 for common sheet sizes.

4.6.4 FSCMICAGE

If your business dealswith the federal government, you have a Federal Supply Code for Manufacturer’s
number. This number isthe design activity code identification number.
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4.6.5 Drawing Number

Thedrawing number isused for part identification and to ease storage and retrieval of the drawing and the
produced parts. While there is no set way to assign part numbers, common systems are nonsignificant,
significant, or some combination of the two previous systems.

Nonsignificant numbering systems are most preferred because no prior knowledge of significanceis
required.

Significant numbering systems could be used for commonly purchased items like fasteners. For
example, the part number for awasher could include the inside diameter, outside diameters, thickness,
material, and plating.

A combination of nonsignificant and significant numbering systems may use sections of the num-
bersin ahierarchical manner. For example, the last three digits could be the number assigned to the part
(001, 002, 003, etc.). This would be nonsignificant. The remaining numbers could be significant: two
numbers could be the model variation, the next two numbers could be the model number, and the next two
could be the series number whilethelast two could be the project number. Many other possibilities exist.

4.6.6 Scale

Thereis no standard method of specifying the scale of a drawing. Scale examplesfor an object drawn at
half itsnormal sizeare 1:2, 1=2, %2 or, HALF. They al mean the samething. Thefirst two examplesarethe
easiest to use. If the one (1) isaways on theleft, the number on the right is the multiplication factor. For
example, measure a distance on the drawing with a 1=1 scale and multiply that number by the number on
theright (inthisexample, 2).

4.6.7 Release Date

Thisisthe date the drawing was officially released for production.

4.6.8 Sheet Number

The sheet number shows how many individual sheetsarerequired to completely describe apart. For many
small parts, only one sheet is required. When parts are large, complicated, or both, multiple sheets are
required. The number 4/12 would indicate the fourth (4) sheet of atwelve (12)-sheet drawing.

4.6.9 Contract Number

If this drawing was created as a part of a specific contract, the contract number is placed here. Other
examples of drawing codes may be used to track the time spent on a project.

4.6.10 Drawn and Date

Some companies require the drafter to sign their name or initials. Other companies have the drafter type
thisinformation on the drawing. The date the drawing was started must be included.

46.11 Check, Design, and Dates

A drawing may be reviewed by more than one checker. For example, the drawing may go to adrafting
checker first, then to a design checker, and maybe others. The checkers use the same method of identifi-
cation as the drafters.
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4.6.12 Design Activity and Date

Aswith checking, there may be multiple levels of approval before a document is released. The design
activity isarepresentative of the arearesponsiblefor the design. All those approving the drawing use the
same method of identification asthe drafters.

4.6.13 Customer and Date

If the customer is required to approve the drawing, that name and date is placed here.

4.6.14 Tolerances

Theitemsin this section apply unlessit is stated differently on thefield of the drawing. In addition to the
general tolerance block that isshown in Fig. 4-9, other tol erance blocks might be used for sand casting, die
casting, forging, and injection-molded parts.

Linear —Linear tolerances are presented in an equal format (). It is aso common to show multiple
examplestoindicate default numbers of decimal places.

Angular —Angular tolerancesare al so presented in an equal bilateral format (z). Itiscommonto give
onetolerancefor general angles and adifferent tolerance for chamfers.

4.6.15 Treatment

Treatment might include manufacturing specifications, heat-treat notes, or plating specifications. Longer
messages about processing are placed in anote. See Section 4.16.

4.6.16 Finish

Thefinish revealsthe condition of part surfaces. It consists of roughness, waviness, and lay. The general
surface roughness average is given in this space. See Section 4.15.

4.6.17 Similar To

Some companies prefer to have numbers of similar parts on the drawing in case the drawn part may be
madefrom alike part.

4.6.18 Act Wt and Calc Wt

Providing the part weight on the drawing may help the personnel in the Routing area move the parts more
efficiently.

4.6.19 Other Title Block Items

The part material must be stated on the drawing. The material is specified using codes provided by the
Society of Automotive Engineers (SAE) or the American Society for Testing and Materials (ASTM).

Thedrawing number of the next assembly isoften placed in thetitle block. Many standard parts have
many different next assemblies. Each timeapart isadded to another assembly the drawing must berevised
to add the next assembly number. The money spent maintaining these numbers causes some to question
their value.
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4.7 Revision Blocks

Itiscommon for drawingsto berevised several timesfor partsthat are used for many years. During thelife
of aproduct, it may be revised to improve performance or reduce cost. After adrawing change request is
made and accepted, the drawing is modified. Engineering change notices (ECN) are created to document
the actual changes. The revision letter, description, date, drafter and approver identification, and ECN
number arerecorded in therevision block. SeeFig. 4-9.

4.8 Parts Lists

A parts list names al the parts in an assembly. It lists the item number, description, part number, and
quantity for each part in the assembly. The item number is placed in acircle (balloon) closeto the part in
the assembly view. A leader is drawn from the balloon pointing to the part. See Figs. 4-7 and 4-8.

49 View Projection

With the advent of orthographic (right-angle drawing) projection in the eighteenth century, battle fortifi-
cations could be visually described accurately and faster than mathematical methods. This contributed so
much to Napoleon’s success that it was kept secret during histimein power. Orthographic projectionis
atechnique that uses parallel lines of sight intersecting mutually perpendicular planes of projection to
create accurate 2-D views. The two variations most commonly used are first-angle and third-angle. As
illustrated below, the namesfirst and third relate into which 3-D quadrant the object is placed.

49.1 First-Angle Projection

The first-angle projection system is used primarily in Europe and other countries that only use 1SO
standards. When viewing a 2-D multiview drawing, the top view is placed below the front view and the
right sideview is placed on theleft side of thefront view. See Fig. 4-10.

49.2 Third-Angle Projection

The third-angle projection system is used primarily in the Americas. When viewing a 2-D multiview
drawing, thetop view is placed abovethe front view and theright side view is placed on theright side of
thefront view. SeeFig. 4-11.

4.9.3 Auxiliary Views

Auxiliary viewsare those views drawn on projection planes other than the principal projection planes (see
Figs. 4-12 and 4-19). Primary auxiliary views are drawn on projection planes constructed perpendicul ar to
one of the principal projection planes. Successive auxiliary views are drawn on projection planes con-
structed perpendicular to any auxiliary projection plane.

4.10 Section Views

Section views show internal features of parts. Thin lines depict where solid material was cut. One of the
opposing views will often have a cutting plane line showing the path of the cut. If the cutting planein an
assembly drawing passes through items that do not have internal voids, they should not be sectioned.
Some of the items not usually sectioned are shafts, fasteners, rivets, keys, ribs, webs, and spokes. The
following are standard types of sections.
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Two—dimensional views
are projected onto
projection planes in the
Ist quadrant of a
three—dimensional
Cartesian coordinate
system. The planes are
rotated 90° onto one
two—dimensional plane.

Orthographic Views

Right Side Front

Top

Figure 4-10 First-angle projection
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Figure 4-11 Third-angle projection
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Figure 4-12 Auxiliary view development and arrangement

4.10.1 Full Sections

Theview in full section appearsto be cut fully from side to side. See Fig. 4-13. The cutting planeis one
continuous plane with no offsets. If the location of the planeis obvious, it is not shown in an opposing
view.

4.10.2 Half Sections

Half sections appear cut from one sideto the middle of the part. See Fig. 4-14. Inahalf section, the side not
in section does not show hidden lines. If the location of the plane is obvious, it is not shown in an
opposing view.

4.10.3 Offset Sections

Thistype of sectioned view appears to be afull section, but when looking at the view where the section
wastaken, acutting planelinewill always show thedirection of the cut through thepart. SeeFig. 4-15. The
cutting plane changes direction to cut through the features of interest.

4.10.4 Broken-Out Section

The broken-out section of aview has the appearance of having been hit with a hammer to break a small
part from the object. Rather than create a section through the entire part, only alocalized portion of the
object issectioned. SeeFig. 4-16.
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Figure 4-13 Full section
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Figure 4-14 Half section
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Figure 4-16 Broken-out section
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4.10.5 Revolved and Removed Sections

The revolved and removed sections are developed in the same way. See Fig. 4-17. The concept isthat a
thin dlice of an object iscut and rotated 90°. The section appearsin the sameview from whereit wastaken.
Thedifferenceisthelocation of the sectioned view. Therevolved view is placed at the point of revolution
while the removed view isrelocated to another more convenient location.

I [ } I
Axis of revolution } } [ }
| L S— o
—————— | o |
T - 1 = 1
,,1 F,,
B | SN\
} } | re\éoﬁ‘usﬁgr:
Lol and removal
. SN
1) Ll
INRaa

} 4R !
++++++ W | €E

Revolved Removed

A G

Figure 4-17 Revolved and removed section

4.10.6 Conventional Breaks

A conventional break isused to shorten along consistent section length of material. See Fig. 4-18. There
are conventional breaks for rods, bars, tubing, and woods.

)4
0|

)4
b (

Tube Wood

Figure 4-18 Conventional breaks
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411 Partial Views

Partial views areregular views of an object with somelinesmissing. Whenit is confusing to show all the
possiblelinesin any one view, some of the lines may be removed for clarity. See Fig. 4-19.

Partial Auxiliary View
g Y

— T

/Pcrt'c Right Side View

-/

Figure 4-19 Partia views

412 Conventional Practices

It is not always practical to illustrate an object in its most correct projection. There are many occasions
when altering the rules of orthographic projection is accepted. The following types of views represent
common conventional practices.

4.12.1 Feature Rotation

Feature rotation is the practice of conceptually revolving features into positions that allow them to be
viewed easily in an opposing view. For internal viewing, features may berotated into acutting plane. See
Fig. 4-20. For external viewing, featuresmay berotated into aprincipal projection plane. Thisisoften done
to show thefeaturefull size.

4,12.2 Line Precedence

When lines of different types occupy the same 2-D space, the lines are shown in the following order:
object line, hidden line, cutting planeline, centerline, and phantom line.
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<

)

Internal view
Hole and rib rotated into cutting plane.

Part with three ribs +
and three holes. J

External view
Hole and rib rotated into projection plane.

Figure 4-20 Internal and external feature rotation

4.13 Isometric Views

While many different methods may be used to show a pictorial view of a part, the isometric projection
method is most common. To create an isometric projection, an object isrotated 45° in the top view then
rotated 35°16’ intheright sideview. Theresulting view appears 3-D. See Fig. 4-21. Fold line between the
principal projection planeswill measure 120° apart—hence, the nameisometric or equal measures.
Companiesthat use 3-D computer programs to create part geometry may provide a3-D view of the
object along with conventional 2-D views. See Fig. 4-4. Some companies use 3-D viewsastheir primary

Rotate right

Start with normal Rotate top side view
orthographic views view 45° 3516’
H
Flp
45°
H { H
Flp Flp

W

(@]
o
O
)

Figure 4-21 Isometric projection
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view and 2-D viewsfor sections. The object in Fig. 4-5 only showscritical size and geometric dimension-
ing. All other dimensions must be obtained from the computer database.

4.14 Dimensions

Therole of the dimension on an engineering drawing has changed drastically for some companies. When
dealing with traditional, manually created, 2-D drawings, the dimensions are the most important part of the
drawing. Theviewsare only afoundation for the dimensions. They could be quite inaccurate becausethe
part is made from the dimensions and not the views.

When working with drawings created asa 3-D computer database, the geometry ismost important. It
must be created accurately because the computer database can be translated by another computer pro-
gram into a language a machine tool can understand. In this scenario, the dimensions serve as a dimen-
sional analysistool and areference document for inspection. See Chapter 16.

Dimensions may be of three different types: general dimensions, geometric dimensions, and surface
texture. Thissection providesabrief introduction to general dimensioning and surfacetexture. Dueto the
extensive nature of geometric dimensioning, it is covered in Chapter 5. Prior to any discussion of dimen-
sioning, the following underlying concepts must be understood.

414.1 Feature Types

Dimensionsrelateto features of parts. Features may be plane features, sizefeatures, or irregular features.
A planefeatureis considered nominally flat with a2-D area. Sizefeatures are composed of two opposing
surfaces like tabs and slots and surfaces with a constant radius like cylinders and spheres. Irregular
featuresare free-form surfaceswith defined undulationslike the wing of an airplane or the outside surface
of the hood of an automobile. Due to the nature of irregular surfaces, they are not usually defined only
with general dimensions.

4.14.2  Taylor Principle / Envelope Principle

In 1905, an Englishman, William Taylor, was awarded thefirst patent for afull-form gage (GO-NOGO Gage)
to inspect parts. His concept was that there is a space between the smallest size a feature can be and the
largest size afeature can be and that al the surface elements must liein that space. See Fig. 4-22.

A GO-NOGO gageisused to check the maximum and least material conditions of part features. The
maximum material condition of afeaturewill makethe part weigh more. Theleast material condition of a
feature will make the part weigh less. Taylor’sideawas to make a device that would reject a part whose
form would exceed the maximum size of an external size feature or the minimum size of aninternal size
feature. For external size features, the device would be of two parallel plates separated by the maximum
dimension for atab or alargest sized hole for a shaft. For internal size features, the device would be two
parallel platesat minimum separation for aslot or the smallest sized pinfor ahole. See Chapter 19 for more
information on gaging.

Thisideawas generally adopted by companiesin the United States and was commonly known asthe
Taylor Principle. Product design uses a similar concept called the Envelope Principle. The Envelope
Principle was adopted in the US because it unites the form of a feature with its 2-D size. It allows the
allowance and maximum clearance to be calculated. Separate statements controlling the form of size
features are not required.

The default condition adopted by the 1SO isthe Principle of Independency. This concept does not unite
theformwith the 2-D size of afeature—they areindependent. If aform control isrequired, it must be stated.
See Chapter 6 for the differences between the US and 1SO standards.
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Figure 4-22 Envelope principle

4.14.3 General Dimensions

General dimensions provide size and location information. They can be classified with the names shown
inFig.4-23.
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All other dimensions use the UQOS bilateral tolerances. ANGLES + 0.5

Figure 4-23 Genera dimension types
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General dimensions have tolerances and, in the case of size features (in the US), conform to the
Envelope Principle. They are most often placed on the drawing with dimension lines, dimension values,
arrows, and leaders as shown on the left side of Fig. 4-24. Dimensions may be stated in a note, or the
features can be coded with letters and the dimensions placed in a table in situations where there is not

enough space to use extension lines and dimension lines.
.5h —‘ ’~ —
/— Leader

Dimension Line .
_L /_ 8.89 h min

8.89 3 7/—Dimension Value _r 31-2*—
f . 16.51 _[.Sh

16.51 Arrow

|
| o o] J. b

h = letter height

Figure 4-24 Dimension elements and measurements

4.14.4  Technique

Dimensioning techniquesrefer to the rudimentary details of arrow size, gap from the extension lineto the
object outline, length of the extension line past the dimension line, gap from the dimension line to the
dimension value, and dimensioning symbols. The sizes shown on theright side of Fig. 4-24 are commonly
used. Most computer aided drafting softwarewill allow some or all of theses elementsto be adjusted to the
letter height, as shown, or some other constant. Additional dimensioning symbolsare shownin Chapter 5.

4.14.5 Placement

Whereas dimensi oning techniques are fairly common from drawing to drawing and company to company,
dimension placement can vary. It may be based on view arrangement, part contour, function, size, or
simple convenience. Some common dimension placement examplesareshownin Figs. 4-2, 4-3, 4-4, 4-23,
and dimensionedin Fig. 4-24.

The most important element to good placement is consistent spacing. This trandlates to easy read-
ability and fewer mistakes. Some other placement techniques are:
* Provideaminimum of 10 mm from the object outlineto thefirst dimensionline
* Provideaminimum of 6 mm between dimension lines
* Place shorter dimensionsinside longer dimensions
¢ Avoid crossing dimension lineswith extension lines or other dimension lines
¢ Dimension where the true size contour of the object is shown
¢ Place dimensions that apply to two views between the views
¢ Dimension the size and location of size featuresin the sameview
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4.14.6 Choice

There are usually several different waysto dimension an assembly and its detail parts. Making the best
dimensional choicesinvolves understanding many different areas. Knowledge of the requirements of the
design should be the most important. Other knowledge areas should include the type and use of tooling
fixtures, manufacturing procedures and capabilities, inspection techniques, assembly methods, and di-
mensional management policiesand procedures. Many other areaslike pricing control or part routing may
also influence the dimensioning activity. Due to the vast body of knowledge required and legal implica-
tions of incorrect dimensioning practices, the dimensioning activity should be carefully considered,
thoroughly executed, and cautiously checked. Depending on the complexity of the product, it may be
prudent to assign ateam of dimensional control engineersto perform this activity.

4.14.7 Tolerance Representation

All dimensions must have atolerance associated with them. Six different methods of expressing toleranced
dimension are presented in Fig. 4-23.

1 The31.6-31.7 dimension isan example of the limit type—it showsthe extreme size possibilities (the
large number is always on top).

2 The15.24-15.38 dimensionisthe sameasthelimit dimension but is presented in note form (the small
number iswritten first and the numbers are separated by a dash).

3. The83.8dimensionisan exampleof the equal bilateral form—the dimensionisallowed to vary from
nominal by an equal amount.

4. The40.6 dimensionisan exampleof theunequal bilateral form—thedimensionisallowed to vary more
in one direction than another.

5. The25.0dimensionisan exampleof theunilateral form—the dimensionisonly alowedto vary in one
directionfromnominal.

6. Thedimensionswith only one number are actually equal bilateral dimensionsthat show the nominal
dimension whilethetolerance appearsin the Unless Otherwise Specified (UOS) part of thetitle block.
415 Surface Texture

Surfacetexture symbol s specify thelimits on surface roughness, surface waviness, lay, and flaws. A machined
surface may be compared to the ocean surface in that the ocean surfaceis composed of small ripplesonlarger
waves. SeeFig. 4-25. Basic surface texture symbolsare used on the drawing shown in Fig. 4-3.

Median Line

Roughness
Width

Waviness
Spacing
i Roughness
Height

[W

aviness
Height

Figure 4-25 Surface characteristics
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4.15.1 Roughness

Thevariability allowed for the small ripples on asurfaceis specified in micrometers or microinches. If only
one number isgiven for theroughness average asshownin Fig. 4-26 (a) and (b), the measured val ues must
bein arange between the stated number and 0. If two numbers are written one above the other as shown
in example (c), the measured values must be within that range. Other roughness measures may be speci-
fied asshownin example (d).

Roughness Roughness
Average —= 3.2 /0.8 =—Sampling Average 0.8
Length Range —=0'4 /75 =—Sampling
= Length
Part Surface
B tension Li Loy Symbol—
Extension Line day =ymbo
(a) (¢)
Production
Roughness _— Sampling Method
Average —=1.6 /2.5/W; 0.2 Length / Hone .
3N/ _L Waviness iZ.S/Rt 0.2 =—Sampling
J \L Height X Length /
Material Lay Symbol J Maximum
Removal Lay Symbol Profile
Height

Allowance (b)

(d)

Figure 4-26 Surface texture examples and attributes

4.15.2 Waviness

Thelargewavesare controlled by specifying the height (W,) in millimeters. The placement of this param-
eter isshowninFig. 4-26 (b).

4.15.3 Lay

The lay indicates the direction of the tool marks. See Fig. 4-26. Symbols or single letters are used to
indicate perpendicular (b), parallel (c), crossed (d), multidirectional, circular, radial, particulate,
nondirectional, or protuberant.

4.15.4 Flaws

Flawsareair pocketsin the material that were exposed during production, scratches|eft by production or
handling methods, or other nonintended surface irregularities. Flaw specifications are placed in the note
section of the drawing.

4.16 Notes

Someinformation can be better stated in noteform rather thaninadimension. SeeFig. 4-2. Other informa-
tion can only be stated in note form. Common notes specify default chamfer and radius values, informa-
tionfor plating or heat-treating, specific manufacturing operations, and many other pieces of information.
M ost companies group notesin one common location such asthe upper |eft corner or to theleft of thetitle
block.
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4.17 Drawing Status

The drawing life cycle may have several different stages. It may start as a sketch, progress to an experi-
mental drawing, reach active status, and then be marked obsolete. Whatever their status, drawingsrequire
an accounting system to follow their changes in status. An engineering function, the data processing
area, or a separate group may control this accounting system.

4171 Sketch

A drawing often starts with a sketch of an assembly. From that sketch additional sketches may show
interior parts and details of those parts. If the ideas seem worth the additional effort, the sketches may be
transferred to formal detail and assembly drawings. Even though sketches may seem trivial at the time
they are created, they should al be dated, signed, and stored for reference.

4.17.2 Configuration Layout

There may be different namesfor this type of drawing, but its main function isfor analysis of geometric
and dimensional details of an assembly. This activity has changed with the advent of computer simula-
tions. Assembliesare built using 3-D digital models.

4.17.3 Experimental

Many ideas makethetransition from sketchesto experimental drawings. Parts made from these drawings
may be tested and revised several times prior to being formally released as active production drawings.

4.17.4 Active

Asthe nameimplies, an active part drawing has gone through aformal release process. It will be rel eased
as any other drawing and, with good reason, should be accessible by any employee.

4.17.5 Obsolete

When apart isno longer sold, the drawing has reached the end of itslife cycle. This does not mean a part
could not be produced, but only that its status has changed to “ Obsolete.” Drawings are never destroyed.
Drawings may be classified obsolete for production but retained for service, or obsolete for service but
retained for production. If necessary, the drawing may be reactivated for production, service, or both.

4.18 Conclusion

With all the benefitsrealized by using acommon drawing communication system, it isimperative that all
personnel who deal with engineering drawings understand them completely. All the methods detailed in
thischapter can befound in the appropriate standards. However, the standards covering this communica-
tion system are only guidelines. A company may choose to communicate their product specificationsin
different ways or to specify requirements not covered in the national standards. If this is the case,
company-specific standards must be created and maintained.
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subcommittee and a key player in the ongoing development of national drafting standards.

5.1 Introducing Geometric Dimensioning and Tolerancing (GD&T)

When ahobbyist needsasimple part for aproject, he might go straight to thelittlelathe or milling machine
in hisgarage and produceit in amatter of minutes. Since heis designer, manufacturer, and inspector al in
one, he doesn’t need a drawing. In most commercial manufacturing, however, the designer(s),
manufacturer(s), and inspector(s) are rarely the same person, and may even work at different companies,
performing their respective tasks weeks or even years apart.

A designer often starts by creating an ideal assembly, where all the parts fit together with optimal
tightnessesand clearances. Hewill haveto convey to each part’ smanufacturer theideal sizesand shapes,
or nominal dimensionsof al the part’ ssurfaces. If multiple copiesof apart will be made, the designer must
recognizeit’ simpossible to make them all identical. Every manufacturing process has unavoidable varia-
tions that impart corresponding variations to the manufactured parts. The designer must analyze his
entire assembly and assess for each surface of each part how much variation can beallowed in size, form,

5-1
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orientation, and location. Then, in addition to the ideal part geometry, he must communicate to the
manufacturer the calculated magnitude of variation or tolerance each characteristic can have and still
contribute to aworkable assembly.

For al this needed communication, words are usually inadequate. For exampl e, anote on the drawing
saying, “Makethis surfacereal flat,” only has meaning where all concerned parties can do the following:
* Understand English
¢ Understand to which surface the note applies, and the extent of the surface
* Agreeonwhat “flat” means

* Agreeonexactly how flat is“real flat”

Throughout the twentieth century, a specialized language based on graphical representations and
math has evolved to improve communication. Inits current form, the language is recognized throughout
the world as Geometric Dimensioning and Tolerancing (GD&T).

51.1 What Is GD&T?

Geometric Dimensioning and Tolerancing (GD& T) isalanguage for communicating engineering design
specifications. GD& T includes all the symbols, definitions, mathematical formulae, and application rules
necessary to embody a viable engineering language. As its name implies, it conveys both the nominal
dimensions (ideal geometry), and thetolerancesfor apart. Since GD& T is expressed using line drawings,
symbols, and Arabic numerals, people everywhere can read, write, and understand it regardless of their
native tongues. It's now the predominant language used worldwide as well as the standard language
approved by the American Society of Mechanical Engineers (ASME), the American National Standards
Institute (ANSI), and the United States Department of Defense (DoD).

It's equally important to understand what GD&T is not. It is not a creative design tool; it cannot
suggest how certain part surfaces should be controlled. It cannot communicate design intent or any
information about a part’s intended function. For example, a designer may intend that a particular bore
function as ahydraulic cylinder bore. He may intend for a piston to be inserted, sealed with two Buna-N
O-rings having .010" squeeze. He may be worried that his cylinder wall is too thin for the 15,000-psi
pressure. GD& T conveys none of this. Instead, it's the designer’ s responsibility to translate his hopes
and fears for his bore—his intentions—into unambiguous and measurable specifications. Such specifi-
cations may address the size, form, orientation, location, and/or smoothness of this cylindrical part sur-
face as he deems necessary, based on stress and fit calculations and his experience. It’ s these objective
specificationsthat GD& T codifies. Far from revealing what the designer hasin mind, GD& T cannot even
convey that the bore is a hydraulic cylinder, which givesrise to the Machinist’s Motto.

Mineis not to reason why;
Mineis but to tool and die.

Finally, GD&T can only express what a surface shall be. It sincapable of specifying manufacturing
processesfor making it so. Likewise, thereisno vocabulary in GD& T for specifying inspection or gaging
methods. To summarize, GD&T isthe language that designers use to translate design requirements into
measurable specifications.

5.1.2 Where Does GD&T Come From?—References

Thefollowing American National Standardsdefine GD& T’ svocabulary and provideitsgrammatical rules.
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¢ ASME Y14.5M-1994, Dimensioning and Tolerancing
* ASME Y14.5.1M-1994, Mathematical Definition of Dimensioning and Tolerancing Principles

Hereafter, to avoid confusion, we'll refer to these as“Y 14.5” and “the Math Standard,” respectively
(and respectfully). The more familiar document, Y 14.5, presents the entire GD& T language in relatively
plain English with illustrated examples. Throughout this chapter, direct quotationsfrom Y 14.5 will appear
in boldface. The supplemental Math Standard expresses most of GD& T’ s principlesin more precise math
terminology and algebraic notation—a tough read for most laymen. For help with it, see Chapter 7.
Internationally, the multiple equivalent 1SO standards for GD& T reveal only slight differences between
1SO GD& T and the US dialect. For details, see Chapter 6.

Unfortunately, ASME offers no 800 number or hotline for Y 14.5 technical assistance. Unlike com-
puter software, the American National and 1SO Standards are strictly rulebooks. Thus, in many cases, for
ASME to issue an interpretation would be to arbitrate a dispute. This could have far-reaching legal
consequences. Y our best source for answers and advice are textbooks and handbooks such as this. As
members of various ASME and SO standards committees, the authors of this handbook are brimming
with insights, experiences, interpretations, preferences, and opinions. We'll try to sort out the few useful
ones and share them with you. In shadowboxes throughout this chapter, we' [l concoct FAQs (frequently
asked questions) to ourselves. Bear in mind, our answers reflect our own opinions, not necessarily those
of ASME or any of its committees.

In this chapter, we' ve taken avery progressive approach toward restructuring the explanations and
even the conceptsof GD& T. We have solidified terminology, and stripped away redundancy. We' vetried
to take each principletoitslogical conclusion, filling holes along theway and leaving no ambiguities. As
you become more familiar with the standards and this chapter, you' [l become more aware of our emphasis
on practices and methodol ogies consistent with state-of-the-art manufacturing and high-resolution me-
trology.

FAQ: | noticeY14.5 explains onetype of tolerancein a single paragraph, but devotes pages and
pages to another type. Does that suggest how frequently each should be used?

A: No. There are some exotic principles that Y 14.5 tries to downplay with scant coverage, but
mostly, budgeting is based on a principle’s complexity. That's particularly true of this hand-
book. We couldn’t get by with a brief and vague explanation of a difficult concept just be-
cause it doesn’t come up very often. Other supposed indicators, such as what questions
show up onthe Certification of GD& T Professional sexam, might beequally unreliable. Through-
out this chapter, we'll share our preferences for which types of feature controls to use in
various applications.

FAQ: Adrawing checker rejected one of my drawings because | used a composite feature control
frame having three stacked segments. Isit OK to create GD& T applications not shown in
Y14.5?

A: Y es. Since the standards can neither discuss nor illustrate every imaginable application of
GD&T, questions often arise asto whether or not aparticular application, such asthat shown
in Fig. 5-127, is proper. Just as in matters of law, some of these questions can confound the
experts. Clearly, if anillustration in the standard bears an uncanny resemblance to your own
part, you'll be on pretty solid ground in copying that application. Just as often, however, the
standard makes no mention of your specific application. Y ou are allowed to take the explicit
rules and principles and extend them to your application in any way that’s consistent with all
the rules and principles stated in the standard. Or, more simply, any application that doesn’t
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violate anything in the standard is acceptable. That's good news for a master practitioner
who'sfamiliar with the whole standard. Throughout this chapter we'll try to help novices by
including “extension of principle” advice whereit’s appropriate.

FAQ: I’vefound what seemto be discrepancies between Y14.5 and the Math Standard. How can
that be? Which standard supersedes?

A: You'reright. Thereareacouple of direct contradictions between the two standards. Like any
contemporary “living” language, GD& T isconstantly evolving to keep pace with our modern
world and is consequently imperfect. For instance, Y 14.5 has 232 pages while the Math
Standard has just 82. You could scarcely expect them to cover the same material in perfect
harmony. Y et there’ sno cluein either document asto which one supersedes (they wereissued
only eight days apart). Where such questions arise, we'll discuss the issues and offer our
preference.

5.1.3 Why Do We Use GD&T?

When several peoplework with apart, it'simportant they all reckon part dimensionsthe same. In Fig. 5-1,
the designer specifiesthe distanceto ahole’ sideal location; the manufacturer measures off this distance
and (“ X marksthespot”) drillsahole; then an inspector measurestheactual distancetothat hole. All three
parties must be in perfect agreement about three things: from where to start the measurement, what
direction to go, and where the measurement ends.

Asillustrated in Chapter 3, when measurements must be precise to the thousandth of an inch, the
slightest differencein the origin or direction can spell the difference between a usable part and an expen-
sive paperweight. Moreover, evenif al parties agreeto measureto the hole' s center, acrooked, bowed, or
egg-shaped hole presents a variety of “centers.” Each center is defensible based on a different design
consideration. GD& T providesthetoolsand rulesto assure that all userswill reckon each dimension the
same, with perfect agreement asto origin, direction, and destination.

It's customary for GD& T textbooks to spin long-winded yarns explaining how GD& T affords more
tolerance for manufacturing. By itself, it doesn’t. GD& T affords however much or little tolerance the
designer specifies. Just as ubiquitous is the claim that using GD& T saves money, but these claims are
never accompanied by cost or Return on Investment (ROI) analyses. A much morefundamental reason for
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Figure 5-1 Drawing showing distance to
' ——.580%.002 ideal hole location
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using GD& T isrevealed in thefollowing study of how two very different builders approach constructing
ahouse.

A primitive builder might start by walking around the perimeter of the house, dragging a stick in the
dirt to mark where walls will be. Next, he'll lay some long boards along the lines on the uneven ground.
Then, he'll attach some vertical boards of varying lengths to the foundation. Before long, he'll have a
framework erected, but it will be uneven, crooked, and wavy. Next, he'll start tying or tacking palm
branches, piecesof corrugated aluminum, or discarded pieces of plywood to thecrudeframe. He'll overlap
the edges of these flexible sidings 1-6 inches and everything will fit just fine. Before long, he’ll have the
serviceable shanty shown in Fig. 5-2, but with some definite limitations: no amenities such as windows,
plumbing, electricity, heating, or air conditioning.

Figure 5-2 House built without all of the
appropriate tools

A house having such modern conveniences as glass windows and satisfying safety codes requires
more careful planning. Materialswill have to be stronger and morerigid. Spacesinsidewallswill haveto
be provided to fit structural members, pipes, and ducts.

To build ahouse like the one shown in Fig. 5-3, amodern contractor begins by leveling the ground
where the house will stand. Then a concrete slab or foundation is poured. The contractor will make the
slab as level and flat as possible, with straight, parallel sides and square corners. He will select the
straightest wooden plates, studs, headers, and joists available for framing and cut them to precisely
uniform lengths. Then he'll use a large carpenter’s square, level, and plumb bob to make each frame
member parallel or perpendicular to the slab.

Why are such precision and squareness so important? Because it allows him to make accurate
measurements of hiswork. Only by making accurate measurements can he assure that such prefabricated

a5
t

Figure 5-3 House built using the correct tools
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items as Sheetrock, windows, bathtubs, and air conditioning ductswill fit in the spaces between hisframe
members. Good fits are important to conserve space and money. It also means that when electrical outlet
boxes are nailed to the studs 12" up from the slab, they will all appear parallel and neatly aligned. Remem-
ber that it all derives from the flatness and squareness of the slab.

By now, readers with some prior knowledge of GD& T have made the connection: The house's
concreteslabisits” primary datum.” Theslab’sedgescompletethe“ datum referenceframe.” Thewooden
framing correspondsto “tolerance zones” and “boundaries” that must contain “features” such as pipes,
ducts, and windows.

Clearly, the need for precise form and orientation in the slab and framing of ahouseisdriven by the
fixturesto be used and how precisely they must fitintotheframing. Likewise, theneedfor GD& T on apart
isdriven by thetypesand functions of itsfeatures, and how precisely they must relate to each other and/
or fit with mating features of other partsin the assembly. The more complex the assembly and the tighter
thefits, the greater are the role and advantages of GD&T.

Fig. 5-4 shows a non-GD& T drawing of an automobile wheel rotor. Despite its neat and uniform
appearance, the drawing leaves many relationships between part features totally out of control. For
example, what if it wereimportant that the A5.50 bore be perpendicular to the mounting face? Nothing on
the drawing addressesthat. What if it werecritical that the A5.50 bore and the A11.00 OD beonthe same
axis? Nothing on the drawing requiresthat either. Infact, Fig. 5-5 showsthe “ shanty” that could be built.
Although all itsdimensions are within their tolerances, it seemsimprobable that any “fixtures’ couldfitiit.
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Figure 5-4 Drawing that does not use GD& T

InFig. 5-6, we'veapplied GD& T controlsto the same design. We' verequired the mounting faceto be
flat within .005 and then labeled it datum feature A. That makesit an excellent “slab” from which we can
launch the rest of the part. Another critical face is explicitly required to be parallel to A within .003. The
perpendicularity of the A5.50 boreisdirectly controlled to our foundation, A. Now the A5.50 bore can be
labeled datum feature B and provide an unambiguous origin—a sturdy “center post”—from which the
A515 bolt holesand other round features arelocated. Datum features A and B provideavery uniformand
well-aligned framework from which avariety of relationships and fits can be precisely controlled. Just as
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— 2.708 Figure 5-5 Manufactured part that
conforms to the drawing without GD& T
819 (Fig. 5-4)

importantly, GD& T provides unique, unambiguous meanings for each control, precluding each person’s
having his own competing interpretation. GD& T, then, is simply a means of controlling surfaces more
precisely and unambiguously.

711.00+.02

{01 EDjABMI

—— $7 00 02 $£6.00+.02 5X .515+.0D5
(B@.0300]A[B 0 B15.01 5@DAB W]

N
N

!
NN \\‘$

B 7
|
\B15+.005— |fe—
[~].oz]A
[//.003A
ViR,
5[, 06] Figure 5-6 Drawing that uses GD&T
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Andthat’ sthefundamental reason for using GD&T. It’ sthe universal language throughout theworld
for communicating engineering design specifications. Clear communication assures that manufactured
partswill function and that functional partswon't later be rejected due to some misunderstanding. Fewer
arguments. Less waste.

Asfar asthat ROI analysis, most of the costs GD& T reduces are hidden, including the following:

* Programmers wasting timetrying to interpret drawings and questioning the designers

* Rework of manufactured parts due to misunderstandings

* |nspectors spinning their wheels, deriving meaningless data from parts while failing to check critical
relationships

¢ Handling and documentation of functional partsthat are rejected

* Sorting, reworking, filing, shimming, etc., of partsin assembly, often in added operations

* Assembliesfailing to operate, failure analysis, quality problems, customer complaints, loss of market
share and customer |oyalty

* The meetings, corrective actions, debates, drawing changes, and interdepartmental vendettas that
result from each of the above failures

It al adds up to an enormous, yet unaccounted cost. Bottom line: use GD& T because it’ s the right
thing to do, it’swhat people all over the world understand, and it saves money.

5.1.4 When Do We Use GD&T?

Inthe absence of GD& T specifications, apart’ sability to satisfy design requirements dependslargely on
the following four “laws.”

1. Pride in workmanship. Every industry has unwritten customary standards of product quality, and
most workers strive to achieve them. But these standards are mainly minimal requirements, usually
pertaining to cosmetic attributes. Further, workmanship customs of precision aerospace machinists
are probably not shared by ironworkers.

2.  Common sense. Experienced manufacturersdevelop afairly reliable sensefor what apart is supposed
to do. Even without adequate specifications, amanufacturer will try to make abore very straight and
smooth, for example, if he suspectsit’sfor ahydraulic cylinder.

3. Probability. Sales literature for modern machining centers often specifies repeatability within 2 mi-
crons (.00008"). Thus, the running gag in precision manufacturing is that part dimensions should
never vary more than that. While the performance of a process can usually be predicted statistically,
therearealways" special causes’ that introduce surprisevariations. Further, there’ snoway to predict
what processes might be used, how many, and in what sequence to manufacture a part.

4, Titleblock, workmanship, or contractual (“boiler plate”) standards. Sometimesthese provideclarifica-
tion, but often, they’ re World War 11 vintage and inadeguate for modern high-precision designs. An
exampleisthe common title block note, “ All diametersto be concentric within .005.”

Dependence on these four “laws” carries obviousrisks. Where a designer deems the risks too high,
specifications should be rigorously spelled out with GD&T.
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FAQ: Should| use GD&T on every drawing?

A: Somevery simple parts, such asastraight dowel, flat washer, or hex nut may not need GD&T.
For such simple parts, Rule#1 (explained in section 5.6.3.1), which pertainsto size limits, may
provide adequate control by itself. However, some practitionersalwaysuse GD& T positional
tolerancing for holes and width-type features (slots and tabs). It depends primarily on how
much risk thereis of a part being made, such asthat shownin Fig. 5-5, which conformsto all
the non-GD& T tolerances but is neverthel ess unusable.

FAQ: CanluseGD&T for just oneor two selected surfacesonadrawing, or isit“ all or nothing?”

A: On any single drawing you can mix and match all the dimensioning and tolerancing methods
in Y14.5. For example, one pattern of holes may be controlled with composite positional
tolerance while other patterns may be shown using coordinate dimensions with plus and
minustolerances. Again, it dependson thelevel of control needed. But, if you choose GD& T
for any individual feature or pattern of features, you must give that feature the full treatment.
For exampl e, you shouldn’t dimension ahole with positional tolerancein the X-axis, and plus
and minustoleranceintheY -axis. Be consistent. Also, it’ sagood ideato control theform and
orientational relationships of surfaces you' re using as datum features.

FAQ: Could GD&T be used on the drawings for a house?

A: Hmmm. Which do you need, shanty or chateau?

5.1.5 How Does GD&T Work?—Overview

In the foregoing paragraphs, we alluded to the goal of GD& T: to guide all parties toward reckoning part
dimensionsthe same, including theorigin, direction, and destination for each measurement. GD& T achieves
thisgoal through four simple and obvious steps.

1. Identify part surfaces to serve as origins and provide specific rules explaining how these surfaces
establish the starting point and direction for measurements.

2. Convey the nominal (ideal) distances and orientations from origins to other surfaces.

3. Establish boundariesand/or tolerance zonesfor specific attributes of each surface along with specific
rulesfor conformance.

4. Allow dynamic interaction between tolerances (simulating actual assembly possibilities) where ap-
propriate to maximize tolerances.

5.2 Part Features

Up to this point, we' ve used the termssurface and feature loosely and almost interchangeably. To speak
GD&T, however, we must begin to use the vocabulary as Y 14.5 does.

Feature isthegeneral term applied to a physical portion of a part, such asa surface, pin, tab,
hole, or slot.

Usually, apart featureisasingle surface (or apair of opposed parallel plane surfaces) having uniform
shape. Y ou can establish datums from, and apply GD& T controlsto features only. The definition implies
that no feature exists until apart isactually produced. There are two general types of features:. those that
have a built-in dimension of “size,” and those that don’t.
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FAQ: Isacenter lineafeature?
A: No, since a center line or center plane can never be aphysical portion of a part.
FAQ: Well, what about a nick or aburr? They're“ physical portions of a part,” right?

A: True, but Y 14.5 doesn’ t mean to include nicks and burrs asfeatures. That’ swhy we' ve added
“having uniform shape” to our own description.

FAQ: With transitions at tangent radii or slight angles, how can | tell exactly where one feature
ends and the adjacent feature begins?

A: Y ou can’t. The Math Standard points out, “Generally, features are well defined only in draw-
ings and computer models.” Therefore, you are freeto reckon the border between features at
any single location that satisfies all pertinent tolerances.

521 Nonsize Features

A nonsizefeatureisasurface having no unique or intrinsic size (diameter or width) dimensionto measure.
Nonsize features include the following:

* A nominaly flat planar surface

* Anirregular or “warped” planar surface, such asthe face of awindshield or airfoil

* A radius—aportion of acylindrical surface encompassing lessthan 180° of arc length

* A spherical radius—aportion of aspherical surface encompassing lessthan 180° of arc length

* A revolute—asurface, such asacone, generated by revolving a spine about an axis

5.2.2 Features of Size

A feature of sizeisonecylindrical or spherical surface, or a set of two opposed elementsor
opposed parallel surfaces, associated with a size dimension.

A feature of size has opposing pointsthat partly or completely enclose aspace, giving thefeature an
intrinsic dimension—size—that can be measured apart from other features. Holes are “internal” features
of size and pins are “external” features of size. Features of size are subject to the principles of material
condition modifiers, aswe' Il explainin section 5.6.2.1.

“Opposed parallel surfaces” means the surfaces are designed to be parallel to each other. To qualify
as“ opposed,” it must be possibleto construct aperpendicular lineintersecting both surfaces. Only then,
can we make a meaningful measurement of the size between them. From now on, we'll cal this type of
feature awidth-type feature.

FAQ: Whereaboreisbisected by a groove, isthe bore still considered a single feature of size, or
are there two distinct bores?

A: A similar question arises wherever a boss, slot, groove, flange, or step separates any two
otherwise continuous surfaces. A specification preceded by 2X clearly denotes two distinct
features. Conversely, Y 14.5 provides no symbol for linking interrupted surfaces. For example,

an extension line that connects two surfaces by bridging across an interruption has no stan-

dardized meaning. Where asinglefeature control shall apply to all portions of aninterrupted
surface, anote, such asTWO SURFACES AS A SINGLE FEATURE, should accompany
the specification.
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5.2.2.1 Screw Threads

A screw thread isagroup of complex helical surfacesthat can’t directly be reckoned with as afeature of
size. However, the abstract pitch cylinder derived from the thread’ s flanks best represents the thread’s
functional axisin most assemblies. Therefore, by default, the pitch cylinder “ standsin” for the thread as
a datum feature of size and/or as a feature of size to be controlled with an orientation or positional
tolerance. The designer may add a notation specifying a different abstract feature of the thread (such as
MAJOR DIA, or MINOR DIA). This notation is placed beneath the feature control frame or beneath or
adjacent to the “ datum feature” symbol, as applicable.

FAQ: For atapped hole, isn’t it simpler just to specify the minor diameter?

A: Simpler, yes. But it’ susually amistake, because the pitch cylinder can be quite skewed to the
minor diameter. The fastener, of course, will tend to aign itself to the pitch cylinder. We've
seen proj ected tol erance zone applications where partswoul d not assembl e despite the minor
diameters easily conforming to the applicable positional tolerances.

5.2.2.2 Gears and Splines

Gears and splines, like screw threads, need a“stand in” feature of size. But because their configurations
and applications are so varied, there’ s no default for gears and splines. In every case, the designer shall
add a notation specifying an abstract feature of the gear or spline (such asMAJOR DIA, PITCH DIA, or
MINOR DIA). This notation is placed beneath the feature control frame or beneath the “datum feature”
symbol, as applicable.

5.2.3 Bounded Features

Thereisatype of feature that’ s neither asphere, cylinder, nor width-type feature, yet clearly has*“aset of
two opposed elements.” The D-hole shownin Fig. 5-70, for example, iscalled an “irregular feature of size”
by somedrafting manuals, while Y 14.5’' sown coveragefor thistype of featureisvery limited. Although the
feature has obvious MM C and LMC boundaries, it's arguable whether the feature is “ associated with a
sizedimension.” We'll call thistype of feature abounded featur e, and consider it anonsize feature for our
purposes. However, like features of size, bounded features are also subject to the principles of material
condition modifiers, aswe' Il explainin section 5.6.2.1.

5.3 Symbols

Insection 5.1, wetouched on some of the shortcomings of English asadesign specification language. Fig.
5-7 shows an attempt to control part features using mostly English. Compare that with Fig. 5-6, where
GD& T symbols are used instead. Symbols are better, because of the following reasons:

* Anyone, regardless of hisor her native tongue, can read and write symbols.

* Symbols mean exactly the same thing to everyone.

¢ Symbols are so compact they can be placed close to where they apply, and they reduce clutter.

* Symbolsare quicker to draw and easier for computers to draw automatically.

* Symbolsare easier to spot visually. For example, in Figs. 5-6 and 5-7, find all the positional callouts.
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Feature has a cylindrical tolerance zone

whose size is §Z§.03 at maximum material
condition and is positioned to datum A primary
and datum B seccondary at maximum

material condition,

Perpendicular te datum A within a cylindrical
tolerance zone of @.01 at maximum material
condition. Datum feature B.

These features are located within
a cylindrical tolerance zone of .01
at maximum material condition to
datum A primary and datum B
secondary at maximum material
conditian,

Flat within 005. Datum feature A.

Positioned within o cyindrical tolerance
zonhe of ;25.015 at maximum material
condition to datum A primary and
datum B secondary at maximum
material condition Five holes.

Located using a <Mindrical tolerance

zone of $.03. This zone applies when the
feature is at its least material condition
and is related to datum A primary and
datum B seccndary when feature B is at
its least material condition.

Parallel within .Q03 to datum A

Figure 5-7 Using English to control part features

Inthefollowing sections, we'll explain the applications and meaningsfor each GD& T symbol. Unfor-
tunately, the process of replacing traditional words with symbolsis ongoing and complicated, requiring
coordination among various national and international committees. In several contexts, Y 14.5 suggests
adding various English-language notes to a drawing to clarify design requirements. However, a designer
should avoid notes specifying methods for manufacture or inspection.

5.3.1 Form and Proportions of Symbols

Fig. 5-8 shows each of the symbols used in dimensioning and tolerancing. We have added dimensionsto
the symbols themselves, to show how they are properly drawn. Each linear dimension is expressed as a
multiple of h, avariable equal totheletter height used onthe drawing. For example, if lettersaredrawn .12"
high, thenh =.12" and 2h = .24". It'simportant to draw the symbols correctly, because to many drawing
users, that attention to detail indicates the draftsman’s (or programmer’s) overall command of the lan-

guage.
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Figure 5-8 Symbols used in dimensioning and tolerancing
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5.3.2 Feature Control Frame

Each geometric control for afeature is conveyed on the drawing by a rectangular sign called a feature
control frame. AsFig. 5-9 shows, the feature control frameis divided into compartments expressing the
following, sequentially from left to right.

. Primary datum
Tolerance modifying
symbeols Secondary datum
Tertiary datum
Tolerance value
. Datum material
Geome‘ztrl'c condition modifier
characteristic symbols

[ |8.005M|ABMIC@)
T I T I

Ist 2nd  3rd4th 5th Figure 5-9 Compartments that make
Compartments up the feature control frame

The 1st compartment contains a geometric characteristic symbol specifying the type of geometric
control. Table 5-1 shows the 14 available symbols.

The 2nd compartment contains the geometric tolerance value. Many of the modifying symbols in
Table5-2 can appear in thiscompartment with thetol erance val ue, adding special attributesto the geomet-
ric control. For instance, where the tolerance boundary or zone is cylindrical, the tolerance value is
preceded by the “diameter” symbol, /£ Preceding the tolerance value with the “SA’ symbol denotes a
spherical boundary or zone. Other optional modifying symbols, such as the “ statistical tolerance” sym-
bol, may follow the tolerance value.

The 3rd, 4th, and 5th compartments are each added only as needed to contain (sequentially) the
primary, secondary, and tertiary datum references, each of which may befollowed by amaterial condition
modifier symbol as appropriate.

Thus, each feature control frame displays most of the information necessary to control a single
geometric characteristic of the subject feature. Only basic dimensions (described in section 5.3.3) areleft
out of the feature control frame.

5.3.2.1 Feature Control Frame Placement

Fig. 5-10(a) through (d) shows four different methods for attaching a feature control frameto its feature.
(a) Placethe frame below or attached to aleader-directed callout or dimension pertaining to the feature.

(b) Run aleader from the frame to the feature.

(c) Attacheither sideor either end of the frameto an extension linefrom thefeature, provideditisaplane
surface.

(d) Attach either side or either end of the frame to an extension of the dimension line pertaining to a
feature of size.
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Table 5-1 summarizes the application options and rules for each of the 14 types of geometric toler-
ances. For each type of tolerance applied to each type of feature, the table lists the allowable “feature
control frame placement options.” Multiple options, such as“a’ and “d,” appearing inthe same box yield
identical results. Notice, however, that for some tolerances, the type of control depends on the feature
control frame placement. For a straightness tolerance applied to a cylindrical feature, for instance, place-

ment “b” controls surface elements, while placements“a’ or “d” control the derived median line.

Table 5-1 Geometric characteristics

and their attributes

& & &
\,‘g:;ée ,\,va é\& \\ﬁé&Qéﬁ\
/@%Q"\ o& S S o S
TYPE OF FEATURE R AN Y N s La
& (ETI A
CHARACTERISTIC  SYMROL CONTROLLED R @QQ‘“ X éﬁﬁo\\;‘\\)\» o
ST ) SIS 4
CYL-SURFACE ELEMENTS b 0
STRAIGHTNESS —_ CYL—-DERIVED MEDIAN LINE a, d {Z.'! v 9]
PLANE-LNE ELEMENTS b, ¢ 01
PLANE b, ¢ 0
FLATNESS L7 WD TH-DERIVED MEDIAN PLANE a, d v 0
CIRCULARITY | © | REVOLUTE, SPHERE a, b, d 0
CYLINDRICITY | A&7 | CYLINDER a, b, d 0
PROFILE OF A LINE ™ ALL h 0—-3( v v
REVOLUTE b 0—-3| v v
OF A SEE(;;'(';E £ | OTHER (NON-REVOLUTE) b 0-3| v | Vv
COPLANARITY OF PLANES b 0
PLANE (INCL LINE FLEMENTS) b, ¢ 1-3] v
PERPENDICULARTY | _L | CYLINDER a, d % | v [1=3] v
PARALLELISM | ~ | WDTH a, d v [1-3] v
REVOLUTE-RADIAL ELEMENT b, ¢ 1-3( v
PLANE (INCL LINE ELEMENTS) b . 1-3| v | v
= CYLINDER a d Q) v |1=-3| v v
ANGULARITY WDTH o g VR ET BV Y,
REVOLUTE-RADIAL ELEMENT b, ¢ 13 v ]| Vv
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CRCULAR RUNGUT |7 | REVOLUTE a, b, d 1-2
CYLINDER a, b, d 1-2
TOTAL RUNOUT &V PLANE PERP TQ AXS b, ¢ 1-2

FEATURE CONTROL FRAME PLACEMENT CPTIONS (LEGEND)
(a) Place the frame below or attached ta o leader—directed callout

or dimension pertaining to the feature.
(b) Run aq leader from the frame to the feature.

(c) Attach aither side or elthar end of the frame to
from the feature, provided it is a plane surface.

(d) Attach either side or either end of the frame to

of the dimension line pertaining to a feature of

an extension lina

an extension
size.
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Table 5-2 Modifying symbols

Characteristic

Symbol

At maximum material condition

At least material condition

Projected tolerance zone

Free state

Tangent plane

Diameter

Spherical diameter

Radius

Spherical radius

Controlled radius

Reference

Arc length

Statistical tolerance

Between

18D 2194 =|8]s[cloee

5.3.2.2

It' seasy to translate afeature control frameinto English and read it aloud from left to right. Tables5-1 and
5-2 show equivalent English words to the left of each symbol. Then, we just add the following English-

Reading a Feature Control Frame

language preface for each compartment:
1st compartment—-The...”

2nd compartment—" .. .of this feature shall be within...”
3rd compartment—"...to primary datum...”

4th compartment—"...and to secondary datum...”

5th compartment—"...and to tertiary datum...”

Now, read along with us Fig. 5-9' sfeature control frame. “The position of thisfeature shall be within
diameter .005 at maximum materia conditionto primary datumA and to secondary datum B at maximum

material condition and to tertiary datumC a maximum material condition.” Easy.
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Figure 5-10 Methods of attaching feature control frames

5.3.3 Basic Dimensions

A basicdimension isanumerical valueused to describethetheor etically exact size, profile, orientation,
or location of afeatureor datum target. Thevalueisusually enclosed in arectangular frame, asshownin
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‘ 8 7 5 Figure 5-11 Method of identifying a

basic .875 dimension

Fig. 5-11. Permissiblevariation from the basic valueis specified in feature control frames, notes, or in other
toleranced dimensions.

5.3.4 Reference Dimensions and Data

A referencedimensionisadimension, usually without tolerance, used for information only. Onadrawing,
adimension (or other data) is designated as “reference” by enclosing it in parentheses. In written notes,
however, parentheses retain their more common grammatical interpretation unless otherwise specified.
Where abasic dimension is shown as areference, enclosure in the “basic dimension frame” is optional.
Although superfluous data and advice should be minimized on adrawing, awell-placed reference dimen-
sion can prevent confusion and time wasted by a user trying to decipher arelationship between features.
Reference data shall either repeat or derive from specifications expressed el sewhere on the drawing or in
arelated document. However, the reference dataitself shall have no bearing on part conformance.

5.3.5 “Square” Symbol

A square shape can be dimensioned using a single dimension preceded (with no space) by the “ square”
symbol shown in Fig. 5-47. The symbol imposes size limits and Rule #1 between each pair of opposite
sides. (Seesection 5.6.3.1.) However, perpendicul arity between adjacent sidesismerely implied. Thus, the
“sguare” symbol yields no more constraint than if 2X preceded the dimension.

5.3.6 Tabulated Tolerances

Wherethetolerance in afeature control frame istabulated either el sewhere on the drawing or in arelated
document, arepresentativeletter issubstituted in the feature control frame, preceded by the abbreviation
TOL. SeeFigs. 5-116 and 5-117.

5.3.7 “Statistical Tolerance” Symbol

Chapters 8 and 10 explain how a statistical tolerance can be calculated using statistical process control
(SPC) methods. Each tolerance value so cal culated shall be followed by the “ statistical tolerance” symbol
shown in Fig. 5-12. In afeature control frame, the symbol follows the tolerance value and any applicable
modifier(s). In addition, a note shall be placed on the drawing requiring statistical control of all such
tolerances. Chapter 11 explainsthe note in greater detail and Chapter 24 shows several applications.

Figure 5-12 “Statistical tolerance”
symbol

5.4 Fundamental Rules

Before we delveinto the detail ed applications and meanings for geometric tol erances, we need to under-
stand afew fundamental ground rulesthat apply to every engineering drawing, regardless of the types of
tolerances used.
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(a) Each dimension shall have a tolerance, except for those dimensions specifically identified as
reference, maximum, minimum, or stock (commer cial stock size). Thetolerancemay beapplied directly
tothedimension (or indirectly in thecase of basic dimensions), indicated by a general note, or located in
asupplementary block of thedrawing format. See ANSI Y14.1.

(b) Dimensioning and tolerancing shall becompletesothereisfull under standing of thechar acter -
istics of each feature. Neither scaling (measuring the size of a feature directly from an engineering
drawing) nor assumption of adistance or sizeispermitted, except asfollows. Undimensioned drawings,
such as loft, printed wiring, templates, and master layouts prepared on stable material, are excluded
provided the necessary control dimensions are specified.

(c) Each necessary dimension of an end product shall be shown. No more dimensions than those
necessary for complete definition shall be given. The use of reference dimensions on a drawing should
be minimized.

(d) Dimensionsshall be selected and arranged to suit thefunction and mating relationship of a part
and shall not be subject to morethan oneinterpretation.

(e) The drawing should define a part without specifying manufacturing methods. Thus, only the
diameter of aholeisgiven without indicating whether it istobedrilled, reamed, punched, or madeby any
other operation. However, in those instances wher e manufacturing, processing, quality assurance, or
environmental information isessential to the definition of engineering requirements, it shall be speci-
fied on thedrawing or in a document referenced on the drawing.

(f) It is permissible to identify as nonmandatory certain processing dimensions that provide for
finish allowance, shrink allowance, and other requirements, provided thefinal dimensionsaregiven on
the drawing. Nonmandatory processing dimensions shall be identified by an appropriate note, such as
NONMANDATORY (MFG DATA).

(9) Dimensionsshould bearranged to providerequired information for optimum readability. Dimen-
sions should be shown in true profile views and refer to visible outlines.

(h) Wires, cables, sheets, rods, and other materialsmanufactured to gage or code number sshall be
specified by linear dimensions indicating the diameter or thickness. Gage or code numbers may be
shown in parentheses following the dimension.

(i) A 90° angle applies where center lines and lines depicting features are shown on a drawing at
right anglesand no angleis specified.

(j) A 90° basic angle applieswhere center lines of featuresin a pattern or surfaces shown at right
angleson thedrawing arelocated or defined by basic dimensionsand no angleis specified.

(k) Unlessotherwise specified, all dimensionsareapplicableat 20°C (68°F). Compensation may be
made for measurements made at other temperatures.

() All dimensions and tolerances apply in a free state condition. This principle does not apply to
nonrigid partsasdefined in section 5.5.

(m) Unlessotherwise specified, all geometrictolerancesapply for full depth, length, and width of the
feature.

(n) Dimensionsand toler ancesapply only at thedrawing level wher ethey ar e specified. A dimension
specified for agiven featureon onelevel of drawing, (for example, a detail drawing) isnot mandatory for
that feature at any other level (for example, an assembly drawing).

5.5 Nonrigid Parts

A nonrigid part is a part that can have different dimensions while restrained in assembly than while
relaxed inits“free state.” Rubber, plastic, or thin-wall parts may be obviously nonrigid. Other parts might
reveal themselves as nonrigid only after assembly or functioning forces are applied. That's why the
exemption of “nonrigid parts” from Fundamental Rule (1) is meaningless. Instead, the rule must be inter-
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preted as applying to all parts and meaning, “Unless otherwise specified, all dimensions and tolerances
apply in afree state condition.” Thus, adesigner must take extra care to assure that a suspected nonrigid
part will have proper dimensions while assembled and functioning. To do so, one or more tolerances may
be designated to apply while the part isrestrained in away that simulates, as closely as practicable, the
restraining forces exerted in the part’ s assembly and/or functioning.

5.5.1 Specifying Restraint

A nonrigid part might conform to all tolerances only in the free state, only in the restrained state, in both
states, or in neither state. Where a part, such as a rubber grommet, may or may not need the help of
restraint for conformance, the designer may specify optional restraint. This allows all samples to be
inspected intheir free states. Partsthat passare accepted. Thosethat fail may be reinspected—thistime,
whilerestrained. Wherethereisarisk that restraint could introduce unacceptabl e distortion, the designer
should specify mandatory restraint instead.

Restraint may be specified by a note such asUNLESS OTHERWISE SPECIFIED, ALL DIMEN-
SIONS AND TOLERANCES MAY (or SHALL) APPLY IN A RESTRAINED CONDITION. Alterna-
tively, the note may be directed only to certain dimensions with flags and modified accordingly. The note
shall alwaysinclude (or reference adocument that includes) detailed instructionsfor restraining the part.
A typical note, like that shown in Fig. 5-134, identifies one or two functional datum features (themselves
nonrigid) to be clamped into some type of gage or fixture. The note should spell out any specific clamps,
fasteners, torques, and other forces deemed necessary to simulate expected assembly conditions.

55.2 Singling Out a Free State Tolerance

Even whererestraint is specified globally on adrawing, ageometric tolerance can be singled out to apply
only inthefree state. Where the “free state” symbol follows atolerance (and its modifiers), the tolerance
shall be verified with no external restraining forces applied. See section 5.8.7 and Fig. 5-45 for an example.

5.6 Features of Size—The Four Fundamental Levels of Control

Four different levels of GD&T control can apply to afeature of size. Each higher-level tolerance adds a
degreeof constraint demanded by thefeature’ sfunctional requirements. However, all lower-level controls
remain in effect. Thus, asingle feature can be subject to many tolerances simultaneously.

Level 1: Controlssize and (for cylinders or spheres) circularity at each cross section only.

Level 2: Addsoverall form control.

Level 3: Adds orientation control.

Level 4: Addslocation control.

5.6.1 Level 1—Size Limit Boundaries

For every feature of size, the designer shall specify the largest and the smallest the feature can be. In
section 5.7, we discuss three different ways the designer can express these size limits (also called “limits
of size") on the drawing. Here, we' re concerned with the exact requirements these size limitsimpose on a
feature. The Math Standard explains how specified size limits establish small and large size limit bound-
ariesfor the feature. The method may seem complicated at first, but it’sreally very simple.

It startswith ageometric element called aspine. The spinefor acylindrical featureisasimple (nonself-
intersecting) curvein space. Think of it asalinethat may be straight or wavy. Next, wetake an imaginary
solid ball whose diameter equals the small size limit of the cylindrical feature, and sweep its center along
the spine. This generates a “wormlike” 3-dimensiona (3-D) boundary for the feature’s smallest size.
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Fig. 5-13illustratesthe spine, the ball, and the 3-D boundary. Likewise, we may create asecond spine, and
sweep another ball whose diameter equals the large size limit of the cylindrical feature. This generates a
second 3-D boundary, thistime for the feature' slargest size.

Sweeping ball
Spine

3—D size |limit
boundary

Figure 5-13 Generating a size limit
boundary

AsFig. 5-14 shows, acylindrical feature of size conformstoitssizelimitswhen itssurface can contain
the smaller boundary and be contained within the larger boundary. (The figure shows a hole, but the
requirement appliesto external features aswell.) Under Level 1 control, the curvatures and relative loca-
tions of each spine may be adjusted as necessary to achieve the hierarchy of containments, except that
the small sizelimit boundary shall be entirely contained within the large size limit boundary.

For awidth-type feature (slot or tab), aspineisasimple (nonself-intersecting) surface. Think of it as
aplanethat may be flat or warped. The appropriate size ball shall be swept all over the spine, generating
a 3-D boundary resembling athick blanket. Fig. 5-15 illustrates the spines, balls, and 3-D boundaries for
both size limits. Again, whether an internal or external feature, both feature surfaces shall contain the
smaller boundary and be contained within the larger boundary.

Y Surface of hole

Figure 5-14 Conformance to limits of
size for acylindrical feature
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Feature
small—size
limit boundary

X AT,
Behata ittt e

Feature
large—size
limit boundary

Figure 5-15 Conformance to limits of
size for awidth-type feature

The boundariesfor aspherical feature of size are simply asmall sizelimit sphere and alarge size limit
sphere. Therules for containment are the same and the boundaries need not be concentric.

In addition to limiting the largest and smallest afeature can be at any cross section, the two size limit
boundaries control the circularity (roundness) at each cross section of acylindrical or spherical feature
of size. Fig. 5-16 showsasingle cross section through acylindrical featureand itssmall and large sizelimit
boundaries. Notice that even though the small boundary is offset within the large boundary, the differ-
ence between the feature’ swidest and narrowest diameters cannot exceed the total size tolerance without
violating aboundary. ThisLevel 1 control of sizeand circularity at each cross section isadequate for most

nonmating features of size. If necessary, circularity may be further refined with a separate circularity
tolerance as described in section 5.8.5.

Feature
small—size
limit boundary

_ \ Za Feature
~ large—size
limit boundary

Figure 5-16 Size limit boundaries
control circularity at each cross section
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Obviously, the sweeping ball method is an ideal that cannot be realized with hard gages, but can be
modeled by acomputer to varying degrees of accuracy approaching the ideal. Since metrology (measur-
ing) will always be an inexact science, inspectors are obliged to use the available tools to try to approxi-
mate the ideals. If thetool at hand is a pair of dial calipers or a micrometer, the inspector can only make
“two-point” measurements across the width or diameter of afeature. But theinspector should make many
such measurements and every measured value shall be between the low and high size limits. Theinspec-
tor should also visualy inspect the surface(s) for high or low regions that might violate a size limit
boundary without being detected by the two-point measurements.

Before publication of the Math Standard, size limitswere interpreted as applying to the smallest and
|argest two-point measurements obtai nabl e at any cross section. However, with no spinelinking the cross
sections, there’ sno requirement for continuity. A cylindrical bosscould resemble coinscarel essly stacked.
It was agreed that such abrupt offsets in a feature are unsatisfactory for most applications. The new
“sweeping ball” method expands GD& T beyond the confines of customary gaging methods, creating a
mathematically perfect requirement equal to any technology that might evolve.

5.6.2 Material Condition

Material conditionisanother way of thinking about the size of an object taking into account the object’s
nature. For example, the nature of amountainisthat it’ sapile of rock material. If you pile on more material,
its“material condition” increases and the mountain getsbigger. The nature of acanyonisthat it’savoid.
Aserosion decreasesits “material condition,” the canyon gets bigger.

If amating feature of sizeis as small asit can be, will it fit tighter or sloppier? Of course, you can’t
answer until you know whether we' retalking about an internal feature of size, such asahole, or an external
feature of size, such asapin. But, if wetell you afeature of size haslessmaterial, you know it will fit more
loosely regardless of itstype. Material condition, then, issimply a shorthand description of afeature’s
size in the context of itsintended function.

Maximum material condition (abbreviated MMC) isthe condition in which afeature of size
contains the maximum amount of material within the stated limits of size.

Y ou can think of MM C as the condition where the most part material is present at the surface of a
feature, or where the part weighs the most (all else being equal). This equates to the smallest allowable
hole or the largest allowable pin, relative to the stated size limits.

Least material condition (abbreviated LMC) isthe condition in which a featur e of size contains
the least amount of material within the stated limits of size.

Y ou can think of LMC as the condition where the least part material is present at the surface of a
feature, or wherethe part weighstheleast (all elsebeing equal). Thisequatesto thelargest allowable hole
or the smallest allowable pin, relative to the stated size limits.

It follows then, that for every feature of size, one of the size limit boundariesis an MMC boundary
corresponding to an MMC limit, and the other is an LMC boundary corresponding to an LMC limit.
Depending on thetype of feature and itsfunction, the MM C boundary might ensure matability or removal
of enough stock in a manufacturing process; the LMC boundary may ensure structural integrity and
strength or ensure that the feature has enough stock for removal in asubsequent manufacturing process.
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5.6.2.1 Modifier Symbols

Each geometric tolerance for afeature of size appliesin one of the following three contexts:
* Regardless of Feature Size (RFS), the default

¢  modified to Maximum Material Condition (MMC)

* modifiedto Least Material Condition (LMC)

Table 5-1 shows which types of tolerances may be optionally “modified” to MMC or LMC. Aswe'll
detail in the following paragraphs, such modification causes a tolerance to establish a new and useful
fixed-size boundary based on the geometric tolerance and the corresponding size limit boundary. Placing
amaterial condition modifier symbol, either acircled M or acircled L, immediately following the tolerance
value in the feature control frame modifies a tolerance. Aswe'll explain in section 5.9.8.4, either symbol
may also appear following the datum reference letter for each datum feature of size. In notes outside a
feature control frame, use the abbreviation “MMC” or “LMC.”

Level 2
control

Level 1
control

X XXX =
'———f—LeveI 3 i— ~i Level 4

I

|

|

|

|

|

|

|

|

|

control control

Figure 5-17 Levels of control for geometric tolerances modified to MMC
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A geometric tolerance applied to afeature of size with no modifying symbol applies RFS. A few types
of tolerances can only apply inan RFS context. Aswe'll explainin section 5.6.4, aLevel 2, 3, or 4tolerance
worksdifferently in an RFS context. Rather than afixed-size boundary, thetol erance establishes acentral
tolerance zone.

5.6.3 Method for MMC or LMC

Geometric tolerances modified to MM C or LM C extend the system of boundariesfor direct control of the
feature surface(s). At each level of control, the applied tolerances establish a unique boundary, shownin
Fig. 5-17(a) through (d) and Fig. 5-18(a) through (d), beyond which the feature surface(s) shall not en-
croach. Each higher-level tolerance creates a new boundary with an added constraint demanded by the
feature’'s functional (usually mating) requirements. However, all lower-level controls remain in effect,
regardless of their material condition contexts. Thus, asingle feature can be subject to many boundaries
simultaneously. The various boundaries are used in establishing datums (see Section 9), calculating
tolerance stackups (see Chapters 9 and 11), and functional gaging (see Chapter 19).

Level 2

control

Level 1
control

= X0 4

Level 4
control

X

Figure 5-18 Levels of control for geometric tolerances modified to LMC
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.505+.003

¢‘500_|__‘001 Figure 5-;9_ Cylindrical features of size
that must fit in assembly

5.6.3.1 Level 2—Overall Feature Form

For features of size that must achieve a clearance fit in assembly, such as those shown in Fig. 5-19, the
designer cal culatesthe size tol erances based on the assumption that each feature, internal and external, is
straight. For example, the designer knowsthat aA501 maximum pinwill fitina4502 minimum holeif both
arestraight. If oneisbananashaped and theother isalazy “S,” asshown in Fig. 5-20, they usually won't

| 2.501

— .502

Figure 5-20 Level 1'ssize limit bound-
aries will not assure assembl ability
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gotogether. BecauseLevel 1'ssizelimit boundaries can be curved, they can't assure assembl ability. Level
2 adds control of the overall geometric shape or formof afeature of size by establishing aperfectly formed
boundary beyond which the feature’ s surface(s) shall not encroach.

Boundaries of Perfect Form—A size limit spine can be required to be perfectly formed (straight or
flat, depending onitstype). Then, the sweeping ball generates aboundary of perfect form, either aperfect
cylinder or pair of parallel planes. Thefeature surface(s) must then achi eve some degree of straightnessor
flatness to avoid violating the boundary of perfect form. Boundaries of perfect form have no bearing on
the orientational, locational, or coaxial relationships between features. However, this Level 2 control is
usually adequate for afeature of size that relates to another feature in the absence of any orientation or
location restraint between the two features—that is, where the features are free-floating relative to each
other. Where necessary, overall form control may be adjusted with a separate straightness, flatness, or
cylindricity tolerance, described in sections 5.8.2, 5.8.4, and 5.8.6, respectively.

For an individual feature of size, the MMC and LMC size limit boundaries can be required to have
perfect form in four possible combinations: MMC only, LMC only, both, or neither. Each combinationis
invoked by different rules which, unfortunately, are scattered throughout Y 14.5. We've brought them
together in the following paragraphs. (Only thefirst ruleis numbered.)

At MMC (Only)—Rule #1—Based on the assumption that most features of size must achieve a
clearancefit, Y 14.5 established adefault rule for perfect form. Y 14.5 sRule #1 decrees that, unless other-
wise specified or overridden by another rule, a feature’s MMC size limit spine shall be perfectly formed
(straight or flat, depending onitstype). Thisinvokesaboundary of perfect format MMC (also called an
envelope). Rule #1 doesn't require the LM C boundary to have perfect form.

In our example, Fig. 5-21 shows how Rule #1 establishes a £501 boundary of perfect format MMC
(envelope) for the pin. Likewise, Rule#1 mandates a A2502 boundary of perfect form at MM C (envel ope)

7 .501 (MMC)
Perfectly straight
and round

% .502 (MMC)

Perfectly Strolght Figure 5-21 Rule #1 specifies a boundary
and round of perfect form at MMC
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|
[e—=+ ©.501

#.499 (LMC)

|! |
| |
b
| | L #.508 (LMC)

I
—— @.502 Figure 5-22 Rule #1 assures matability

for the hole. Fig. 5-22 shows how matability isassured for any pin that canfit insideits/A.501 envelopeand
any holethat can contain its/A.502 envelope. Thissimplehierarchy of fitsiscalled theenvel opeprinciple.

At LMC (Only)—(Y14.5 section 5.3.5)—Fig. 5-23 illustrates a case where a geometric tolerance is
necessary to assure an adequate “ skin” of part material in or on afeature of size, rather than aclearancefit.
In such an application, the feature of size at LMC represents the worst case. An LM C modifier applied to
the geometric tolerance overrides Rule #1 for the controlled feature of size. Instead, the feature’'s LMC
spineshall be perfectly formed (straight or flat, depending onitstype). Thisinvokesaboundary of perfect
format LMC. The MM C boundary need not have perfect form. Thesameistruefor adatum featureof size
referenced at LMC.

= Drawing

Entire feature shall be
autside this .26 LMC

boundary of perfect form Figure 5-23 Using an LMC modifier to

assure adeguate part material
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At both MMC and LMC—There are rare cases where a feature of size is associated with an MMC
modifier inonecontext, and an LM C modifier in another context. For example, in Fig. 5-24, thedatum B bore
iscontrolled with aperpendicul arity tolerance at MM C, then referenced as adatum featureat LM C. Each
modifier for this feature, MMC and LMC, invokes perfect form for the feature' s corresponding size limit
boundary.

P
& .250+.,002 (%.375+.002
[BZ.006 QAT

Figure 5-24 Feature of size associated

with an MMC modifier and an LMC

modifier

At neither MM C nor LM C—thel ndependency Principle—Y 14.5 exemptsthefollowing from Rule#1.

* Stock, such as bars, sheets, tubing, structural shapes, and other items produced to established
industry or gover nment standar dsthat prescribelimitsfor straightness, flatness, and other geomet-
ric characteristics. Unless geometric tolerances ar e specified on the drawing of a part made from
theseitems, standardsfor theseitemsgover n the surfacesthat remain in theas-furnished condition
on thefinished part.

* Dimensionsfor which restrained verification is specified in accordance with section 5.5.1

* A cylindrical feature of size having astraightnesstol erance associated with itsdiameter dimension (as
described in section 5.8.2)

* A width-type feature of size having a straightness or (by extension of principle) flatness tolerance
associated with its width dimension (as described in section 5.8.4)

In these cases, feature form is either noncritical or controlled by a straightness or flatness tolerance
separate from the size limits. Since Rule#1 doesn’t apply, the size limits by themselvesimpose neither an
MMC nor an LMC boundary of perfect form.

Fig. 5-25 isadrawing for an electrical bus bar. The cross-sectional dimensions have relatively close
tolerances, not because the bar fits closely inside anything, but rather because of a need to assure a

/N\ PERFECT FORM AT MMC NOT REQD

24.0

- f
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minimum current-carrying capacity without squandering expensive copper. Neither the MMC nor the
LMC boundary need be perfectly straight. However, if thebus bar iscustomrolled, sliced from aplate, or
machined at al, it won't automatically be exempted from Rule#1. In such acase, Rule#1 shall be explicitly
nullified by adding the note PERFECT FORM AT MMC NOT REQD adjacent to each of the busbar’s
size dimensions.

Many expertsarguethat Rule#1 isactually the“exception,” that fewer than half of all featuresof size
need any boundary of perfect form. Thus, for the majority of features of size, Rule #1's perfect form at
MM C requirement accomplishes nothing except to drive up costs. The rebuttal isthat Y 14.5 prescribes
the “ perfect form not required” note and designerssimply fail to apply it often enough. Interestingly, SO
defaults to “perfect form not required” (sometimes called the independency principle) and requires
application of aspecial symbol toinvokethe“envelope” (boundary) of perfect format MMC. Thisisone
of the few substantial differences between the US and | SO standards.

Regardless of whether the mgjority of features of size are mating or nonmating, regardless of which
principle, envelope or independency, isthe default, every designer should consider for every feature of
size whether aboundary of perfect form isanecessity or awaste.

Virtual Condition Boundary for Overall Form—There are cases where a perfect form boundary is
needed, but at adifferent sizethan MMC. Fig. 5-26 shows adrawn pin that will mate with avery flexible
socket in a mating connector. The pin has a high aspect (length-to-diameter) ratio and a close diameter
tolerance. It would be extremely difficult to manufacture pins satisfying both Rule #1's boundary of
perfect format MMC (A£.063) andthe LM C ( £062) sizelimit. And sincethe mating socket hasaflared lead-
in, such near-perfect straightnessisn’t functionally necessary.
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Fig. 5-27 shows aflat washer to be stamped out of sheet stock. The thickness (in effect, of the sheet
stock) has a closetol erance because excessive variation could cause amotor shaft to be misaligned. Here
again, for the tolerance and aspect ratio, Rule #1 would be unnecessarily restrictive. Nevertheless, an
envelope is needed to prevent badly warped washers from jamming in automated assembly equipment.

In either example, the notePERFECT FORM AT MMC NOT REQD could be added, but would then
allow pinsascurly asapig’ stail or washersaswarped asapotato chip. A better solutionisto control the
pin's overal form with a separate straightness tolerance modified to MMC. This replaces Rule #1's
boundary of perfect form at MM C with anew perfect form boundary, called avirtual condition boundary,
at some size other than MMC. Likewise, the washer’s overall flatness can be controlled with a separate
flatnesstolerance modified to MMC. For details on how to apply these tol erances, see sections5.8.2 and
5.84.
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Any geometric tolerance applied to a feature of size and modified to MMC establishes a virtual
condition boundary in the air adjacent to the feature surface(s). The boundary constitutesarestricted air
space into which the feature shall not encroach. A geometric tolerance applied to a feature of size and
modifiedto LMC likewise establishesavirtual condition boundary. However, inthe LM C case, the bound-
ary is embedded in part material, just beneath the feature surface(s). This boundary constitutes a re-
stricted core or shell of part material into which the feature shall not encroach. The perfect geometric
shape of any virtual condition boundary is a counterpart to the nominal shape of the controlled feature
and isusually expressed with the form tolerance value, asfollows.

Straightness Tolerance for a Cylindrical Feature—The “/’ symbol precedes the straightness
tolerance value. The tolerance specifies a virtual condition boundary that is a cylinder. The boundary
cylinder extends over the entire length of the actual feature.

Flatness Tolerance for a Width-Type Feature—No modifying symbol precedes the flathess toler-
ance value. The tolerance specifies a virtual condition boundary of two parallel planes. The boundary
planes extend over the entire length and breadth of the actual feature.

Whether the form toleranceis modified to MM C or LM C determines the size of the virtual condition
boundary relative to the feature’ s specified size limits.

Modified to MM C—The MM C virtual condition boundary representsarestricted air space reserved
for the mating part feature. In such a mating interface, the internal feature’'s MMC virtual condition
boundary must be at |east aslarge asthat for the external feature. MMC virtual condition (theboundary’s
fixed size) isdetermined by threefactors: 1) thefeature stype (internal or external); 2) thefeature sMMC
size limit; and 3) the specified geometric tolerance value.

For an internal feature of size:
MMC virtual condition=MMC sizelimit- geometric tolerance

For an external feature of size:
MMC virtual condition = MMC size limit + geometric tolerance
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Four notes regarding these formulae:

1. ForthepininFig. 5-26, the diameter of thevirtual condition boundary equalsthepin’sMMC sizeplus
the straightnesstol erance value: A£063 +4A010=A.073. Thisboundary can be simulated withasimple
AE.073ring gage.

2. A Level 2 (straightnessor flatness) tolerance value of zero at MM C isthe exact equivalent of Rule#1
and therefore redundant.

3. Foraninternal feature, ageometric tolerance greater than the MM C size limit yields anegative virtual
condition. Thisis no problem for computerized analysis, but it precludes functional gaging.

4, For ascrew thread, an MMC virtual condition can be calculated easily based on the MMC pitch
diameter. The boundary, however, has limited usefulness in evaluating an actual thread.

M odified to LMC—The LMC virtual condition boundary assures a protected core of part material
within apin, boss, or tab, or aprotected case of part material around ahole or slot. LMC virtual condition
(the boundary’ sfixed size) isdetermined by threefactors: 1) thefeature’ stype (internal or external); 2) the
feature’'sLMC size limit; and 3) the specified geometric tolerance value.

For an internal feature of size:
LMC virtua condition = LMC sizelimit + geometric tolerance

For an external feature of size:
LMC virtual condition = LMC sizelimit- geometric tolerance

Fig. 5-28 shows a part where straightness of datum feature A is necessary to protect the wall thick-
ness. Here, the straightness tolerance modified to LM C supplants the boundary of perfect form at LMC.
Thetolerance establishes avirtual condition boundary embedded in the part material beyond which the
feature surface shall not encroach. For datum feature A in Fig. 5-28, the diameter of thisboundary equals
the LM C size minusthe straightnesstolerance value: A£247 - A005=A.242. Bear in mind thedifficulties
of verifying conformance where the virtual condition boundary isembedded in part material and can’t be
simulated with tangible gages.
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5.6.3.2 Level 3—Virtual Condition Boundary for Orientation

For two mating features of size, Level 2's perfect form boundaries can only assure assemblability in the
absence of any orientation or location restraint between the two features—that is, the features are free-
floating relative to each other. In Fig. 5-29, we' ve taken our simple example of apinfitting into ahole, and
added alarge flange around each part. We' ve also stipulated that the two flanges shall bolt together and
make full contact. This introduces an orientation restraint between the two mating features. When the
flange faces are bolted together tightly, the pin and the hole must each be very square to their respective
flange faces. Though the pin and the hole might each respect their MM C boundaries of perfect form,
nothing prevents those boundaries from being badly skewed to each other.

We can solve that by taking the envelope principle one step further to Level 3. An orientation
tolerance applied to afeature of size, modifiedto MMC or LMC, establishesavirtual condition boundary
beyond which the feature’s surface(s) shall not encroach. For details on how to apply an orientation
tolerance, see section 5.10.1. In addition to perfect form, this new boundary has perfect orientation in all
applicabledegrees of freedom rel ative to any datum feature(s) we sel ect (see section 5.9.7). The shapeand
size of the virtual condition boundary for orientation are governed by the samerulesasfor form at Level
2. A singlefeature of size can be subject to multiple virtual condition boundaries.
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For each example part in Fig. 5-29, we' ve restrained the virtual condition boundary perpendicular to
the flange face. The lower portion of Fig. 5-29 shows how matability is assured for any part having apin
that can fit inside its £504 MMC virtual condition boundary and any part having aholethat can contain
its 2504 MM C virtual condition boundary.

5.6.3.3 Level 4—Virtual Condition Boundary for Location

For two mating features of size, Level 3's virtual condition boundary for orientation can only assure
assemblability in the absence of any location restraint between the two features, for example, where no
other mating features impede optimal location alignment between our pin and hole. In Fig. 5-30, we've
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Figure 5-30 Using virtual condition boundaries to restrain location (and orientation) between mating features
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moved the pin and hol e close to the edges of the flanges and added alarger bore and boss mating interface
at the center of the flanges. When the flange faces are bolted together tightly and the boss and bore are
fitted together, the pin and the hole must each still be very square to their respective flange faces. How-
ever, the parts can no longer slide freely to optimize the location alignment between the pin and the hole.
Thus, the pin and the hole must each additionally be accurately located relative to its respective boss or
bore.

A positional tolerance applied to afeature of size, modifiedto MMC or LMC, takesthevirtual condi-
tion boundary one step further to Level 4. For details on how to apply apositional tolerance, see section
5.11.2. In addition to perfect form and perfect orientation, the new boundary shall have perfect locationin
all applicable degrees of freedom relative to any datum feature(s) we select (see section 5.9.7). The shape
and size of thevirtual condition boundary for location are governed by the samerulesasfor form at Level
2 and orientation at Level 3, with one addition. For a spherical feature, the tolerance is preceded by the
“SA symbol and specifies avirtual condition boundary that is a sphere. A single feature of size can be
subject to multiple virtual condition boundaries—one boundary for each form, orientation, and location
tolerance applied.

In Fig. 5-30, we've identified four datums and added dimensions and tolerances for our example
assembly. The central boss hasan MMC size limit of /2997 and a perpendicularity tolerance of A£002 at
MMC. Sinceit’san external feature of size, itsvirtual condition isA£997 + A£002 = A£999. Theborehasan
MMC sizelimit of A£1.003 and a perpendicularity tolerance of £004 at MMC. Sinceit’saninternal feature
of size, itsvirtual condition isAL.003- A004 =/ 999. Noticethat for each perpendicularity tolerance, the
datum feature is the flange face. Each virtual condition boundary for orientation is restrained perfectly
perpendicular to its referenced datum, derived from the flange face. As the lower portion of Fig. 5-30
shows, the boss and bore will mate every time.

The pin and hole combination requires MMC virtual condition boundaries with location restraint
added. Notice that for each positional tolerance, the primary datum feature is the flange face and the
secondary datum feature is the central boss or bore. Each virtual condition boundary for location is
restrained perfectly perpendicular to its referenced primary datum, derived from the flange face. Each
boundary is additionally restrained perfectly located relative to its referenced secondary datum, derived
from the boss or bore. This restraint of both orientation and location on each part is crucial to assuring
perfect alignment between the boundaries on both parts, and thus, assemblability. The pin hasan MMC
size limit of A£501 and a positional tolerance of £005 at MMC. Sinceit’'s an external feature of size, its
virtual condition is ££501 + A2005 = A£506. The hole has an MMC size limit of A£511 and a positional
tolerance of /2005 at MMC. Sinceit’saninternal feature of size, itsvirtual conditionis/AE511- A005=
AE506. Any pin contained within its £506 boundary can assemble with any hole containing its A2506
boundary. Try that without GD& T!

5.6.3.4 Level 3 or 4 Virtual Condition Equal to Size Limit (Zero Tolerance)

All the tolerances in our example assembly were chosen to control the fit between the two parts. Subse-
quent chapters deal with the myriad considerationsinvolved in determining fits. To simplify our example,
we matched virtual condition sizesfor each pair of mating features. All our intermediate values, however,
were chosen arbitrarily.

For example, in Fig. 5-30, the boss' s functional extremes are at A££991 and /£.999. Between them, the
total tolerance isAE008. Based on our own assumptions about processvariation, wearbitrarily divided this
into Z££006 for size and 002 for orientation. Thus, the A£997 MMC size limit has no functional signifi-
cance. We might just as well have divided the /008 total into A£004 + A£004, £.006 + A002, or even
AE008 + ZA000.
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Inacasesuch asthis, wheretheonly MM C design consideration isaclearancefit, it' snot necessary
for the designer to apportion thefit tolerance. Why not giveit all to the manufacturing processand let the
processdivvy it up asneeded? Thisisaccomplished by stretchingthe MM C sizelimit to equal theMMC
virtual condition size and reducing the orientation or positional tolerance to zero.

Fig. 5-31 showsour exampl e assembly with orientation and positional tolerances of zero. Noticethat
now, the central bosshasan MMC sizelimit of A2999 and a perpendicularity tolerance of £000at MMC.
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Figure 5-31 Zero orientation tolerance at MMC and zero positional tolerance at MMC
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Sinceit’san external feature of size, itsvirtual condition is A£999 + A£000 = A999.

Compare the lower portions of Figs. 5-30 and 5-31. The conversion to zero orientation and positional
tolerances made no change to any of the virtual condition boundaries, and therefore, no change in
assembl ability and functionality. However, manufacturability improved significantly for both parts. Allow-
ing the processto apportion tolerances opens up moretooling choices. In addition, aperfectly usable part
having a boss measuring A2998 with perpendicularity measuring £.0006 will no longer be rejected.

The same rationale may be applied whereaLevel 3or 4 LMC virtual condition exists. Unlessthere’s
afunctional reason for the feature’s LMC size limit to differ from its LMC virtual condition, make them
equal by specifying a zero orientation or positional tolerance at LMC, as appropriate.

Some novices may be alarmed at the sight of a zero tolerance. “How can anything be made perfect?’
they ask. Of course, a zero tolerance doesn't require perfection; it merely allows parity between two
different levels of control. The feature shall be manufactured with size and orientation adequate to clear
the virtual condition boundary. In addition, the feature shall nowhere encroach beyond its opposite size
limit boundary.

5.6.3.5 Resultant Condition Boundary

For the ££514 holein Fig. 5-30, we have primary and secondary design requirements. Sincethe hole must
clear the /2500 pin in the mating part, we control the hole's orientation and location with a positional
tolerance modified to MMC. This createsan MMC virtual condition boundary that guarantees air space
for the mating pin. But now, we' reworried that the wall might get too thin between the hole and the part’s
edge.

To address this secondary concern, we need to determine the farthest any point around the hole can
range from “true position” (theideal center). That distance constitutes aworst-case perimeter for the hole
shown in Fig. 5-32 and called the resultant condition boundary. We can then compare the resultant
condition boundary with that for the flange diameter and cal cul ate the worst-case thin wall. We may then
need to adjust the positional tolerance and/or the size limits for the hole and/or the flange.

Resultant condition is defined as a variable value obtained by adding the total allowable geometric
toleranceto (or subtracting it from) the feature’ sactual mating size. Tablesin Y 14.5 show resultant condi-
tion values for feature sizes between the size limits. However, the only resultant condition value that
anyone cares about is the single worst-case value defined below, as determined by three factors: 1) the
feature’ s type (internal or external); 2) the feature’s size limits; and 3) the specified geometric tolerance
value.

Resultant condition boundary =

2517 + ¢.005 + @006 = 528
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Figure 5-32 Resultant condition
boundary for the ££514 holein
Fig. 5-30
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For an internal feature of size controlled at MMC:
Resultant condition = LMC size limit + geometric tolerance + size tolerance

For an external feature of size controlled at MMC:
Resultant condition = LMC size limit- geometric tolerance - sizetolerance

For aninternal feature of size controlled at LMC:
Resultant condition = MMC size limit- geometric tolerance - sizetolerance

For an external feature of size controlled at LMC:
Resultant condition = MMC size limit + geometric tolerance + size tolerance

5.6.4 Method for RFS

A geometric tolerance applied to afeature of size with no modifying symbol applies RFS. A few types of
tolerances can only apply in an RFS context. Instead of a boundary, a Level 2, 3, or 4 tolerance RFS
establishes a central tolerance zone, within which a geometric element derived from the feature shall be
contained. Each higher-level tolerance adds a degree of constraint demanded by the feature’ s functional
requirements, as shown in Fig. 5-33(a) through (d). However, all lower-level controls remain in effect,
regardless of their material condition contexts. Thus, a single feature can be subject to many tolerance
zones and boundaries simultaneously. Unfortunately, tolerance zones established by RFS controls can-
not be simulated by tangible gages. This often becomes an important design consideration.

5.6.4.1 Tolerance Zone Shape

The geometrical shape of the RFS tolerance zone usually corresponds to the shape of the controlled
feature and is expressed with the tolerance value, as follows.

For aWidth-Type Feature—Where no modifying symbol precedesthetolerancevalue, thetolerance
specifies atolerance zone bounded by two parallel planes separated by a distance equal to the specified
tolerance. Thetolerance planes extend over the entire length and breadth of the actual feature.

For a Cylindrical Feature—The tolerance value is preceded by the “/E’ symbol and specifies a
tolerance zone bounded by a cylinder having a diameter equal to the specified tolerance. The tolerance
cylinder extends over the entire length of the actual feature.

For a Spherical Feature—Thetoleranceis preceded by the “ S/’ symbol and specifies a tolerance
zone bounded by a sphere having a diameter equal to the specified tolerance.

5.6.4.2 Derived Elements

A multitude of geometric elements can be derived from any feature. A geometric tolerance RFS applied to
afeature of size controls one of thesefive:

* Derived median line (from acylindrical feature)

¢ Derived median plane (from awidth-type feature)
* Feature center point (from a spherical feature)

* Feature axis (from acylindrical feature)

* Feature center plane (from awidth-type feature)
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A Level 2 (straightness or flathess) tolerance nullifies Rule #1’ s boundary of perfect form at MMC.
Instead, the separate tolerance controls overall feature form by constraining the derived median line or
derived median plane, according to the type of feature.

A cylindrical feature' sderived median line isan imperfect line (abstract) that passesthrough the
center pointsof all cross sections of thefeature. These cross sectionsare normal to the axis of
the actual mating envelope. The cross section center pointsaredetermined asper ANSI
B89.3.1.

A width-type feature’ sderived median plane isan imperfect plane (abstract) that passes
through the center pointsof all line segmentsbounded by the feature. Theseline segmentsare
normal to the actual mating envelope.
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In Fig. 5-34, the absence of a material condition modifier symbol means the straightness tolerance
applies RFS by default. This specifies atolerance zone bounded by acylinder having a diameter equal to
the tolerance value, within which the derived median line shall be contained. In Fig. 5-35, the flathess
tolerance applies RFS by default. This specifies a tolerance zone bounded by two parallel planes sepa-
rated by a distance equal to the tolerance value, within which the entire derived median plane shall be
contained. Bothsizelimitsarestill inforce, but neither the spinefor the MM C size boundary nor the spine

for the LM C size boundary need be perfectly formed. A straightness or flatness tolerance value may be
less than, equal to, or greater than the size tolerance.
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Asyou can imagine, deriving amedian line or plane is a complex procedure that’ s extremely difficult
without the hel p of amicroprocessor-based machine. But whereit’ snecessary to control overall formwith
atolerance that remains constant, regardless of feature size, there are no simpler options. However, once
we' ve assured overall form with Rule #1 or a separate form tolerance, we can apply Level 3 and 4 toler-
ancesto geometric elementsthat are moreeasily derived: acenter point, perfectly straight axis, or perfectly

flat center plane. These elements must be defined and derived to represent the features’ worst-case
functionality.
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In an RFS context, the feature center point, feature axis, or feature center planeisthe center of the
feature’ sactual mating envelope. In all cases, afeature’ s axis or center plane extends for the full length
and/or breadth of the feature.

The actual mating envelope isasurface, or pair of parallel-plane surfaces, of perfect form, which
correspond to a part feature of size asfollows:

(a) For an External Feature. A similar perfect feature counterpart of smallest size, which can be
circumscribed about the feature so that it just contacts the feature surface(s). For example, a
smallest cylinder of perfect form or two parallel planes of perfect form at minimum separation that
just contact(s) the surface(s).

(b) For an Internal Feature. A similar perfect feature counterpart of largest size, which can be
inscribed within the feature so that it just contacts the feature surface(s). For example, alargest
cylinder of perfect form or two parallel planes of perfect form at maximum separation that just
contact(s) the surface(s).

In certain cases, the orientation, or the orientation and location of an actual mating envelope shall
be restrained to one or two datums (see Fig. 5-36 and Table 5-3). In Fig. 5-37, for example, the true
geometric counterpart of datum feature B is the actual mating envelope (smallest perfect cylinder)
restrained perpendicular to datum plane A.
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Be careful not to confuse the actual mating envelope with the boundary of perfect form at MMC
“envelope.” Our above definitionsare cobbled together from both Y 14.5 and the Math Standard, sincethe
standardsdiffer slightly. Table5-3 showsthat in most cases, the actual mating envelopeisunrestrained—
that is, allowed to achieve any orientation and location when fitted to the feature. Aswe'll discusslater,
when simulating a secondary or tertiary datum feature RFS, the actual mating envelope shall be oriented
(held square) to the higher precedence datum(s). Obviously, that restraint will produce a different fit.
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Table 5-3 Actual mating envelope restraint

APPROPRIATE RESTRAINT
Restrained
to higher
PURPOSE OF ENVELOPE Unrestrained  datum(s)

Evaluate conformance to:
Rule#1
orientation tolerance
positional tolerance

X X X

Establish True Geometric Counterpart
RFSfor adatum feature:
primary X
secondary, tertiary X

Actual mating size of datum feature
for DRF displacement
primary X
secondary, tertiary X

+.005
4x $1407 001

18.014@)AE

/— Datum axis B

i i True geometric counterpart
I I of datum feature B

- (actual mating envelope
perpendicular to datum plane A)

- Datum plane A
(true geametric
counterpart of

Part: TGC datum feature A)

Figure 5-37 The true geometric counterpart of datum feature B is arestrained actual mating envelope
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There are even some cases where the actual mating envelope’ slocation shall be held stationary relativeto
the higher precedence datum(s). In addition, when calculating positional tolerance deviations, there are
circumstanceswherea*restrained” actual mating envelopeshall beused. We'll explainthese applications
in greater detail in later sections.

In practice, the largest cylindrical gage pin that can fit in a hole can often simulate the hol€’s actual
mating envelope. The actual mating envelope for a slot can sometimes be approximated by the largest
stack of Webber (or “Jo”) blocksthat can fit. External features are alittle tougher, but their actual mating
envelopes might be simulated with cylindrical ring gages or Webber block sandwiches.

Casescalling for arestrained actual mating envel opereally challenge hard gaging methods. Tradition-
aly, inspectors havefixtured partsto coordinate measuring machine (CM M) tables (on their datum feature
surfaces) and held cylindrical gagepinsinadrill chuck inthe CMM’sram. Thispracticeisonly marginally
satisfactory, even whererelatively large tolerances areinvolved.

5.6.5 Alternative “ Center Method” for MMC or LMC

As we explained in section 5.6.3, Level 2, 3, and 4 geometric tolerances applied to features of size and
modifiedto MM C or LM C establish virtual condition boundariesfor thefeatures. Chapter 19 explainshow
functional gages use pins, holes, slots, tabs, and other physical shapes to simulate the MMC virtual
condition boundaries, emulating worst-case features on the mating part as if each mating feature were
manufactured at itsMM C with itsworst allowable orientation and | ocation. However, without afunctional
gage or sophisticated CMM software, it might be very difficult to determine whether or not a feature
encroachesbeyond itsvirtual condition boundary. Therefore, the standards provide an alternative method
that circumventsvirtual boundaries, enabling more elementary inspection techniques. Wecall thisalterna-
tive the center method.

Whereal evel 2, 3, or 4 geometric toleranceis applied to afeature of sizeinan MM C or LM C context,
thetolerance may optionally beinterpreted asin an RFS context—that is, it establishes acentral tolerance
zone, within which ageometric element derived from the feature shall be contained. However, unlikeinthe
RFS context, the MMC or LMC tolerance zone shall provide control approximating that of the virtual
condition boundary. To accomplish this, the size of the tolerance zone shall adjust according to the
feature s actual size.

5.6.5.1 Level 3 and 4 Adjustment—Actual Mating/Minimum Material Sizes

The adjustment for Level 3 and 4 tolerancesis very simple: The tolerance zone is uniformly enlarged by
bonus tolerance—a unit value to be added to the specified geometric tolerance.

At MM C—Bonustolerance equal s the arithmetic difference between the feature’ s actual mating size
and its specified MMC size limit.

Actual mating size isthe dimensional value of the actual mating envelope (defined in section
5.6.4.2), and represents the worst-case mating potential for afeature of size. See Fig. 5-38.

Thus, actual mating sizeisthe most suitable measure of actual sizein clearance-fit applicationsor for
most features having aboundary of perfect form at MMC. For ahole having an actual mating size £2001
larger thanitsMMC, A£.001 of bonustoleranceisadded to the specified geometric tolerance. Likewise, for
atab .002 smaller thanitsMMC, .002 is added to the specified tolerance value.
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I | Actual mating
envelope

Figure 5-38 Actua mating envelope of
an imperfect hole

At LMC—Bonus tolerance equals the arithmetic difference between the feature' s actual minimum
material size and its specified LMC sizelimit.

Actual minimum material sizeisthe dimension of the actual minimum material envelope.
Actual minimum material envelope is defined according to the type of feature, asfollows:

(a) For an External Feature. A similar perfect feature counterpart of largest size, which can be
inscribed within the feature so that it just contacts the surface(s).

(b) For an Internal Feature. A similar perfect feature counterpart of smallest size, which can
be circumscribed about the feature so that it just contacts the surface(s).

In certain cases, the orientation, or the orientation and location of an actual minimum material
envelope shall be restrained to one or two datums.

Notice from Fig. 5-39 that the actual minimum material envelope is the inverse of the actual mating
envelope. While the actual mating envelope resides in the “air” at the surface of a feature, the actual
minimum material envelopeisembedded in part material. That makesit impossibleto simulatewith tangible
gages. The actual minimum material envelope can only be approximated by scanning point data into a
computer and modeling the surface—a process called virtual gaging or softgaging.

Let’sconsider acast boss that must have an adequate “ shell” of part material all around for cleanup
in amachining operation. If its LMC size limit is A£387 and its actual minimum material sizeis A£390, a
“bonus” of A£003 shall be added to the specified geometric tolerance.

In section 5.6.3.1, we described some rare features having boundaries of perfect form at both MMC
and LMC. Thosefeatureshave an actual mating envel ope and actual mating sizethat’ sused in the context
of the geometric tolerance and/or datum reference at MMC. For the LMC context, the same feature
additionally has an actual minimum material envelope and actual minimum material size. As might be
apparent from Fig. 5-39, the greater the feature’ sform deviation (and orientation deviation, asapplicable),
the greater is the difference between the two envelopes and sizes.
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5.6.5.2 Level 2 Adjustment—Actual Local Sizes

Since Level 3 and 4 tolerances impose no additional form controls, the “ center method” permits use of a
uniform tolerance zone and an all-encompassing envelope size. Level 2 tolerances, however, areintended
to control feature form. Thus, the tolerance zone must interact with actual feature size independently at
each cross section of the feature. Though the effective control is reduced from 3-D down to 2-D, inspec-
tion is paradoxically more complicated. Perhaps because there' srarely any reason to use the alternative
“center method” for Level 2 tolerances, neither Y 14.5 nor the Math Standard definesit thoroughly. In our
own following explanations, we' ve extended actual mating/minimum material envelope principlesto emu-
|ate accurately the controls imposed by Level 2 virtual condition boundaries.

Straightness of a Cylindrical Feature at MM C—The central tolerance zone is bounded by arevo-
lute, within which the derived median line shall be contained. At each cross-sectional slice, the diameter of
the tolerance zone varies according to the actual mating local size. Within any plane perpendicular to the
axisof the actual mating envelope, actual mating local sizeisthediameter of thelargest perfect circlethat
can be inscribed within an internal feature, or the smallest that can be circumscribed about an external
feature, so that it just contacts the feature surface. The straightnesstolerance zone local diameter equals
the stated straightness tolerance value plus the diametral difference between the actual mating local size
and the feature’ sSMMC limit size.

At any cross section of the pin shown in Fig. 5-26, as the pin’s actual mating local size approaches
MMC (A.063), the straightness tol erance zone shrinks to the specified diameter (£010). Conversely, as
the pin’s actual mating local size approaches LMC (A062), the tolerance zone expands to A£011. Either
way, for any pin satisfying both its size limits and its straightness tolerance, the surface of the pin will
nowhere encroach beyond its ££073 virtual condition boundary.
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Straightnessof aCylindrical Featureat LM C—Thecentral tolerance zoneisbounded by arevolute,
within which the derived median line shall be contained. At each cross-sectional slice, the diameter of the
tolerance zone varies according to the actual minimum material local size. Within any plane perpendicular
tothe axis of the actual minimum material envelope, actual minimum material local sizeisthediameter of
the smallest perfect circle that can be circumscribed about an internal feature, or the largest that can be
inscribed within an external feature, sothat it just contactsthe feature surface. The straightnesstolerance
zone local diameter equals the stated straightness tolerance value plus the diametral difference between
the actual minimum material local size and the feature’ sSLMC limit size.

Flatness of a Width-Type Featureat MM C or LM C—The central tolerance zone is bounded by two
mirror imageimperfect planes, within which the derived median plane shall be contained. At each point on
the derived median plane, the corresponding local width of the tolerance zone equals the stated flatness
tolerance value plus the difference between the feature’ s actual local size and the feature’sMMC (in an
MMC context) or LMC (in an LMC context) limit size. Actual local size is the distance between two
opposite surface points intersected by any line perpendicular to the center plane of the actual mating
envelope (MMC context), or of the actual minimum material envelope (LM C context).

At any cross section of the washer shown in Fig. 5-27, as the washer’ s actual local size approaches
MMC (.034), the flatness tol erance zone shrinksto the specified width (.020). Conversely, asthewasher’s
actual local size approaches LMC (.030), the tolerance zone expands to .024. Either way, for any washer
satisfying both its size limits and its flathess tolerance, neither surface of the washer will anywhere
encroach beyond the .054 virtual condition boundary.

5.6.5.3 Disadvantages of Alternative “Center Method”

By making the geometric tolerance interact with the feature’s actual size, the “center method” closely
emulates the preferred (virtual condition) boundary method. For a hypothetical perfectly formed and
perfectly oriented feature, the two methods yield identical conformance results. For imperfect features,
however, the Math Standard offers adetail ed expl anation of how the* center method” might reject abarely
conforming feature, or worse, accept aslightly out-of-tolerancefeature. Be very careful with older CMMs
and surface plate techniques roughly employing the “center method.” Generally, the boundary method
will be more forgiving of marginal features, but will never accept a nonfunctional one.

The Math Standard uses actual mating sizefor all actual envelope size applicationsin RFSand MM C
contexts, and applies actual minimum material sizein al LMC contexts. Y 14.5 does not yet recognize
actual minimum material size and uses actual mating sizein all contexts. In an LMC context, local voids
between the feature surface and the actual mating envelope represent portions of the feature at risk for
violating the LMC virtual condition boundary. Since actual mating size is unaffected by such voids, it
can’t provide accurate emulation of the LM C virtual condition boundary. This discrepancy causes some
subtle contradictionsin Y 14.5 s LM C coverage, which this chapter circumvents by harmonizing with the
Math Standard.

5.6.6 Inner and Outer Boundaries

Many types of geometric tolerances applied to afeature of size, for example, runout tolerances, establish
an inner boundary and/or outer boundary beyond which thefeature surface(s) shall not encroach. Since
the standards don’t define feature control s in terms of these inner and outer boundaries, the boundaries
are considered the result of other principles at work. See section 5.12.9. They’re sometimes useful in
tolerance calculations. See Chapter 9, section 9.3.3.3.
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5.6.7 When Do We Use a Material Condition Modifier?

The functional differences between RFS, MMC, and LM C contexts should now be clear. Obviously, an
MMC or LMC modifier can only be associated with afeature of size or abounded feature. A modifier can
only apply to a datum reference in a feature control frame, or to a straightness, flatness, orientation, or
positional tolerancein afeature control frame. In all such places, we recommend designers useamodifier,
either MMC or LMC, unlessthereis a specific requirement for the unique properties of RFS.

MMC for clearance fits—Use MMC for any feature of size that assembles with another feature of
size on amating part and the foremost concern is that the two mating features clear (not interfere with)
each other. Use MM C on any datum reference where the datum feature of sizeitself makes aclearancefit,
and the features controlled to it likewise make clearance fits. Because clearance fits are so common, and
because MM C permits functional gaging, many designers have wisely adopted MMC asadefault. (Pre-
viously, Y 14.5 made it the default.) Where a screw thread must be controlled with GD&T or referenced as
adatum, try touse MMC.

LMC for minimum stock protection—Use LMC where you must guarantee a minimum “shell” of
material all over the surface of any feature of size, for example:

* For acast, forged, or rough-machined feature to assure stock for cleanup in a subsequent finishing
operation

* For anonmating bore, fluid passage, etc., to protect minimum wall thickness for strength

* For anonmating boss around a hole, to protect minimum wall thickness for strength

* For the gaging features of afunctional gage to assure the gage won’t clear a nonconforming part

* For abossthat shall completely cover aholein the mating part

Where afluid passageisdrilled next to acylinder bore, as shown in Fig. 5-39, the designer may befar
more concerned with the thinnest wall between them than with the largest pin that can fit into the fluid
passage. An MM C virtual condition boundary can’t prevent avoid deep down insidethe hole created by
an errant drill. In cases such as this, where we' re more concerned with presence of material than with a
clearancefit, LMC is preferred.

Y ou don't often see LM C applied to datum features, but consider an assembly where datum features
of size pilot two mating partsthat must bewell centered to each other. LM C applied to both datum features
guarantees a minimal offset between the two parts regardliess of how loose the fit. Thisis a valuable
technique for protecting other mating interfaces in the assembly. And on functional gages, LMC isan
excellent choice for datum references.

Compared to MMC, LM C has some disadvantages in gaging and evaluation. It’ s difficult to assess
the actual minimum material size. Functional gages cannot be used.

RFSfor centering—RFSisobsessed with afeature’ s center to the point of ignorance of thefeature's
actual size. In fact, RFS allows no dynamic interaction between size and location or between size and
orientation of afeature. However, this apparent limitation of RFS actually makesit an excellent choice for
self-centering mating interfaces where the mating features alwaysfit together snugly and center on each
other regardless of their actual mating sizes. Examples of self-centering mating interfaces include the
following:

* Pressfits
* Tapers, such as Morse tapers and countersinks for flat-head screws
* Elastic parts or elastic intermediate parts, such as O-rings

* Anadjustableinterface where an adjusting screw, shim, sleeve, etc., will be used in assembly to center
amating part
* Glued or potted assemblies
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In such interfaces, it's obvious to the designer that the actual sizes of the mating features have no
relevanceto the allowabl e orientation or positional tolerancefor thosefeatures. Inthe case of an external
O-ring groove, for example, MM C would be counterproductive, allowing eccentricity to increase as diam-
eter size gets smaller. Here, RFSisthe wiser choice.

There are certain geometric characteristics, such asrunout and concentricity, where MMC and LMC
are so utterly inappropriate that the rules prohibit material condition modifiers. For these types of toler-
ances, RFS always applies.

Y 14.5 allows RFS to be applied to any tolerance and any datum reference in conjunction with any
feature of size having adefined center. Infact, RFS principles now apply by default in the absence of any
material condition modifier. (Notethat’ sdifferent from earlier editions of Y14.5.) But RFSisversatilelikea
monkey wrench. Y ou can use it on everything, but for most of your choices, thereis amore suitable tool
(MMC or LMC) that will fit the work better and cost less. For example, RFSisapoor choicein clearance-
fit mating interfaces because it doesn’t allow dynamic tolerance interaction. That means smaller toler-
ances, usable parts rejected, and higher costs.

Remember that RFS principles are based on a feature’s center. To verify most RFS controls, the
inspector must derive the center(s) of the involved feature(s). Functional gages with fixed-size elements
cannot be used with RFS. RFS applied to afeature pattern referenced as adatum, or to any type of feature
for which Y 14.5 doesn’t define a center, is sure to provoke a debate somewhere and waste more money.

FAQ: Should | use RFSinstead of MMC whenever | need greater precision?

A: Not always. A tolerance applied RFS is more restrictive than an equal tolerance modified to
MMC. That fact leadsto the common misconception that RFSisthereforeamore precisetool.
This is like comparing the precision of a saw and a hammer. We've tried to emphasize the
differences between MMC, LMC, and RFS. Each tool is the most precise for its intended
function. RFSworksdifferently from MMC, often with different rulesand different results. As
abroadly general statement based on drawingswe' ve seen, MM Cishugely underused, LMC
is somewhat underused, and RFSis hugely overused.

FAQ: Why, then, is RFSnow the default?

A: For what it’'s worth, the default now agrees with the 1SO 8015 standard. It's like “training
wheels’ for userswho might fail to comprehend properly and apply RFSwhereit’sgenuinely
needed.

5.7 Size Limits (Level 1 Control)

For every feature of size, the designer shall specify the largest and the smallest the feature can be. In
section 5.6.1, we discussed the exact requirements these size limitsimpose on the feature. The standards
provide three options for specifying size limits on the drawing: symbols for limits and fits, limit dimen-
sioning, and plus and minus tolerancing. Where tolerances directly accompany adimension, it’simpor-
tant to coordinate the number of decimal places expressed for each valueto prevent confusion. Therules
depend on whether the dimension and tolerance values are expressed in inches or millimeters.

5.7.1 Symbols for Limits and Fits

Inch or metric size limits may be indicated using a standardized system of preferred sizes and fits. Using
this system, standard feature sizes are found in tablesin ANSI B4.1 (inch) or ANSI B4.2 (metric), then
expressed on the drawing asabasic sizefollowed by atolerance symbol, for example, £625 LC5 or 30 f7.
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For other fit conditions, limits must be calculated using tables in the standard’ s appendix that list devia-
tions from the basic size for each tolerance zone symbol (al phanumeric designation). When introducing
this system in an organization, it's a good idea to show as reference either the basic size and tolerance
symbol, or the actual MMC and LMC limits.

5.7.2 Limit Dimensioning

Theminimum and maximum limits may be specified directly. Place the high limit (maximum value) abovethe
low limit (minimum value). When expressed in asingleline, placethelow limit preceding the high limit with
adash separating the two values.

500
A 05 or AE495- 500

5.7.3 Plus and Minus Tolerancing

The nominal size may be specified, followed by plus and minustolerance values.

+.003

497 _ 002

or .500 +.005

5.7.4 Inch Values

In al dimensions and tolerances associated with a feature, the number of decimal places shall match. It
may be necessary to add one or moretrailing zerosto some values. Express each plus and minustolerance
with the appropriate plus or minus sign.

.500 f % not 500 * 80 5

.500 +.005 not .50+.005

.748 .748

with not with
[B.008@IAB[C] [¢[2.008@IABL]

5.7.5 Millimeter Values

For any value less than one millimeter, precede the decimal point with a zero.

0.9 not 9
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Eliminate unnecessary trailing zeros.

251 not 25.10

12 not 120

with not with
[B50. zs@IABK [50 zs@IARL]

The exceptions are limit dimensions and bilateral (plus and minus) tolerances, where the number of
decimal places shall match. It may be necessary to add a decimal point and one or more trailing zeros to
some values. Plus and minus tolerances are each expressed with the appropriate plus or minus sign.

25.45 not 25.45
25.00 25

+ 0.25 +0.25
32 0.10 not 32 _ 01

For unilateral tolerances, express the nil value as a single zero digit with no plus or minus sign.

0 +0.02
32 0.02 or 2 )
5.8 Form (Only) Tolerances (Level 2 Control)

In section 5.6.1, we described how imaginary balls define for a feature of size MMC and LMC size limit
boundaries. For acylindrical or spherical feature, these boundaries control to some degree the circularity
of the feature at each cross section. In section 5.6.3.1, we described how Rule #1 imposes on afeature of
size adefault boundary of perfect form at MMC. This perfect-form boundary controlsto some degreethe
straightness of acylindrical feature' s surface or the flatness of awidth-type feature’ s surfaces. A bound-
ary of perfect form at LM C imposes similar restraint. The level of form control provided by size limitsand
default boundaries of perfect form is adequate for most functional purposes. However, there are cases
where a generous tolerance for overall feature size is desirable, but would allow too much surface undu-
lation. Rather than reduce the size tolerance, a separate form (only) tolerance may be added. For most
features of size, such a separate form tolerance must be less than the size tolerance to have any effect.

A form (only) toleranceis specified on the drawing using afeature control frame displaying one of the
four form (only) characteristic symbols, followed by thetolerance value. Only two types of form tolerance
may be meaningfully modified to MMC or LMC. Since form tol erances have no bearing on orientation or
location relationships between features, datum references are meaningless and prohibited. Each type of
form tolerance works differently and has different application rules.



Geometric Dimensioning and Tolerancing 5-51

5.8.1 Straightness Tolerance for Line Elements

Whereastraightnesstol erance feature control frameis placed according to option (b) in Table5-1 (leader-
directed to a feature surface or attached to an extension line of afeature surface), the tolerance controls
only line elements of that surface. The feature control frame may only appear in a view where the con-
trolled surfaceisrepresented by astraight line. The tolerance specifies atolerance zone plane containing
atolerance zone bounded by two parallel lines separated by a distance equal to the tolerance value. As
the tolerance zone plane sweeps the entire feature surface, the surface’ s intersection with the plane shall
everywhere be contained within the tolerance zone (between the two lines). Within the plane, the orien-
tation and location of thetolerance zone may adjust continuously to the part surface while sweeping. See
Fig. 5-40.

Of aCylindrical or Conical Feature—T he straightness tolerance zone plane shall be swept radially
about the feature’ saxis, always containing that axis. (Note that the axis of aconeisn’t explicitly defined.)
Within the rotating tolerance zone plane, the tolerance zon€e’' s orientation relative to the feature axis may
adjust continuously. Since Rule #1 already controls a cylinder’s surface straightness within size limits, a
separate straightness tolerance applied to a cylindrical feature must be less than the size tolerance to be
meaningful.

Of aPlanar Feature—The orientation and sweep of the tolerance zone planeis not explicitly related
to any other part feature. The plane is merely implied to be parallel to the view plane and swept perpen-
dicular totheview plane (toward and away from theviewer). Again, the zoneitself may tilt and shift within
thetolerance zone planeto accommodate gross surface undul ations. See Fig. 5-40. Whereit’ simportant to
relate the tolerance zone plane to datums, specify instead a profile of aline tolerance, as described in
section 5.13.8.

For awidth-type feature of size, Rule #1 automatically limitsthe flatness and straightness deviation
of each surface—no extracharge. Thus, to have any meaning, aseparate straightnesstolerance applied to
either single surface must be less than the total size tolerance.

[—l.02]

.50+ 05

f Drawing

Part

Tolerance zone qt Tolerance zone gt

plane A—A plane B—B —B

Figure 5-40 Straightness tolerance for line elements of a planar feature
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5.8.2 Straightness Tolerance for a Cylindrical Feature

A straightness tolerance feature control frame placed according to options (a) or (d) in Table 5-1 (associ-
ated with a diameter dimension) replaces Rule #1' s requirement for perfect form at MM C with a separate
tolerance controlling the overall straightness of the cylindrical feature. Wherethetoleranceismodified to
MMC or LMC, it establishes a Level 2 virtual condition boundary as described in section 5.6.3.1 and
Figs. 5-17(b) and 5-18(b). Alternatively, the “center method” described in section 5.6.5.2 may be applied
to astraightnesstoleranceat MM C or LMC, but there’ srarely any benefit to offset the added compl exity.
Unmoadified, the tolerance applies RFS and establishes a central tolerance zone as described in section
5.6.4.1, within which the feature’ s derived median line shall be contained.

5.8.3 Flatness Tolerance for a Single Planar Feature

Where a flatness tolerance feature control frame is placed according to options (b) or (c) in Table 5-1
(leader-directed to afeature or attached to an extension line from the feature), the tolerance appliesto a
single nominally flat feature. The flatness feature control frame may be applied only in aview where the
element to be controlled isrepresented by astraight line. This specifies atol erance zone bounded by two
parallel planes separated by adistance equal to thetol erance val ue, within which the entirefeature surface
shall be contained. The orientation and location of the tolerance zone may adjust to the part surface. See
Fig. 5-41. A flatness tolerance cannot control whether the surface is fundamentally concave, convex, or
stepped; just the maximum range between its highest and lowest undul ations.

For awidth-type feature of size, Rule #1 automatically limits the flatness deviation of each surface.
Thus, to have any meaning, aseparate flathesstol erance applied to either single surface must belessthan
the total size tolerance.

| 7].002]

r .80£.08

Drawing

Part

Figure 5-41 Flatness tolerance for a
single planar feature

5.8.4 Flatness Tolerance for a Width-Type Feature

A flatness tolerance feature control frame placed according to options (&) or (d) in Table 5-1 (associated
with awidth dimension) replaces Rule#1’ srequirement for perfect form at MM C with aseparatetolerance
controlling the overall flatness of the width-type feature. Where the tolerance is modified to MMC or
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LMC, it establishesaLevel 2 virtual condition boundary as described in section 5.6.3.1 and Figs. 5-17(b)
and 5-18(b). Alternatively, the “center method” described in section 5.6.5.2 may be applied to aflatness
toleranceat MM C or LMC, but there’ srarely any benefit to offset the added complexity. Unmodified, the
tolerance applies RFS and establishesacentral tol erance zone as describedin section 5.6.4.1, withinwhich
the feature’ s derived median plane shall be contained.

This application of aflathesstolerance is an extension of the principles of section 5.8.2. Y 14.5 sug-
gests an equivalent control using the “ straightness’ characteristic symbol. Wethink it sinappropriate to
establish aparallel planetolerance zone using the straightness symbol. However, where strict adherence
to Y 14.5 is needed, the “ straightness” symbol should be used.

5.8.5 Circularity Tolerance

A circularity tolerance controls afeature scircularity (roundness) at individual cross sections. Thus, a
circularity tolerance may be applied to any type of feature having uniformly circular cross sections,
including spheres, cylinders, revolutes (such as cones), tori (doughnut shapes), and bent rod and tubular
shapes.

Where applied to anonspherical feature, the tol erance specifies atol erance zone plane containing an
annular (ring-shaped) tolerance zone bounded by two concentric circleswhose radii differ by an amount
egual tothetolerancevalue. See Fig. 5-42. Thetolerance zone plane shall be swept along asimple, nonself-

@.75+.04

Drawing

A‘—‘ Part

Spine for
sweeping

B?.73

B.72
Tolerance zone Tolerance zone . . .
at plane A—A at plane B—H Figure 5-42 Circularity tolerance (for

nonspherical features)
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intersecting, tangent-continuous curve (spine). At each point along the spine, the tolerance zone plane
shall be perpendicular to the spine and the tolerance zone centered on the spine. As the tolerance zone
plane sweeps the entire feature surface, the surface's intersection with the plane shall everywhere be
contai ned within the annular tol erance zone (between the two circles). While sweeping, thetolerance zone
may continually adjust in overall size, but shall maintain the specified radial width. This effectively re-
moves diametral taper from circularity control. Additionally, the spin€’ s orientation and curvature may be
adjusted within the aforementioned constraints. Thiseffectively removesaxial straightnessfrom circular-
ity control. The circularity tolerance zone need not be concentric with either size limit boundary.

A circularity tolerance greater than the total size tolerance has no effect. A circularity tolerance
between the full sizetolerance and one-half the size tolerance limits only single-lobed (such as D-shaped
and egg-shaped) deviations. A circularity tolerance must belessthan half the sizetoleranceto limit multi-
lobed (such as elliptical and tri-lobed) deviations.

S#1.50+.05

Drawing

Part

QOuter tolerance
zone sphere

Inner tolerance
zone sphere

Tolerance zone Tolerance zone
at plane A—A at plane B—B

Figure 5-43 Circularity tolerance applied to a spherical feature
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Notethat Y 14.5'sexplanation refersto an “axis,” which could be interpreted as precluding curvature
of the spine. Either way, most measuring equipment can only inspect circularity relativeto astraight line.

5.8.5.1 Circularity Tolerance Applied to a Spherical Feature

The standards also use a tolerance zone plane to explain a circularity tolerance applied to a spherical
feature. Since any pair of surface points can be included in such a plane, their respective distances from
acommon center shall not differ by more than the circularity tolerance. Therefore, the explanation can be
simplified asfollows: Thetolerance specifiesatol erance zone bounded by two concentric sphereswhose
radii differ by an amount equal to the tolerance value. The tolerance zone may adjust in overall size, but
shall maintain the specified radial width. All pointson the considered spherical feature shall be contained
within the tolerance zone (between the two spheres). See Fig. 5-43. Since the tolerance zone need not be
concentric with either size limit boundary, a circularity tolerance must be less than half the size tolerance
to limit multi-lobed form deviations.

5.8.6 Cylindricity Tolerance

A cylindricity toleranceisacompositecontrol of form that includescir cularity, straightness, and taper
of acylindrical feature. A cylindricity tolerance specifies a tolerance zone bounded by two concentric
cylinders whose radii differ by an amount equal to the tolerance value. See Fig. 5-44. The entire feature
surface shall be contained within the tolerance zone (between the two cylinders). The tolerance zone
cylindersmay adjust to any diameter, provided their radial separation remainsegual to thetolerancevalue.
Thiseffectively removesfeaturesizefrom cylindricity control. Aswith circularity tolerances, acylindricity
tolerance must be less than half the size tolerance to limit multi-lobed form deviations. Since neither a
cylindricity nor acircularity tolerance can nullify sizelimits for afeature, there’s nothing to be gained by
modifying either toleranceto MMC or LMC.

@.75+.04
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Part
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Figure 5-44 Cylindricity tolerance
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5.8.7 Circularity or Cylindricity Tolerance with Average Diameter

Thethin-wall nylon bushing shownin Fig. 5-45istypical of anonrigid part having diametersthat fit rather
closely with other partsinassembly. If customary diameter sizelimitswere specified, no matter how liberal,
their inherent circularity control would be overly restrictivefor the bushing initsfree state (unassembled).
The part’ s diametersin the free state cannot and need not stay as round asthey’ll be once restrained in
assembly. We need a different way to control size-in-assembly, while at the same time guarding against
collapsed or grotesquely out-of-round bushings that might require excessive assembly force or jam in
automated assembly equipment.

The solution isto specify limits for the feature’ saveragediameter along with agenerouscircularity
tolerance. Where adiameter tolerance isfollowed by the note AVG, the sizelimit boundaries described in
section 5.6.1 do not apply. Instead, the tolerance specifies limits for the feature's average diameter.
Average diameter is defined somewhat nebulously as the average of at least four two-point diameter
measurements. A contact-type gage may deflect the part, yielding an unacceptable measurement. Where
practicable, average diameter may be found by dividing a peripheral tape measurement by p. When the
part is restrained in assembly, its effective mating diameter should correspond closely to its average
diameter in the free state.

Though we told you our nylon bushing is a nonrigid part, the drawing itself (Fig. 5-45) gives no
indication of the part’ srigidity. In particular, there’s no mention of restraint for verification as described
in section 5.5.1. Therefore, according to Fundamental Rule (1), adrawing user shall interpret all dimen-
sions and tolerances, including the circularity tolerance, as applying in the free state. The standard

#2.250+.005 AVG

Cl.o20G

Drawing

Part

@2.262 +2.268 +@2.235 + $2.243

AVERAGE & 2

- @2.252

Figure 5-45 Circularity tolerance with average diameter
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implies average diameter can only be used in conjunction with the “free state” symbol. For that reason
only, we've added the “free state” symbol after the circularity tolerance value. A feature’s conformance
to both tolerances shall beevaluated inthefree state—that is, with no external forcesapplied to affect its
sizeor form.

The same method may be applied to alonger nonrigid cylindrical feature, such as a short length of
vinyl tubing. Simply specify arelatively liberal cylindricity tolerance modified to “free state,” along with
limits for the tube’ s average diameter.

5.8.8 Application Over a Limited Length or Area

Some designs require form control over a limited length or area of the surface, rather than the entire
surface. In such cases, draw a heavy chain line adjacent to the surface, basically dimensioned for length
and location asnecessary. See Fig. 5-46. Theform tolerance applies only within thelimitsindicated by the
chain line.

- - @ Figure 5-46 Cylindricity tolerance
applied over alimited length

5.8.9 Application on a Unit Basis

There are many features for which the design could tolerate a generous amount of form deviation, pro-
vided that deviation is evenly distributed over the total length and/or breadth of the feature. This is
usually the case with parts that are especially long or broad in proportion to their cross-sectional areas.

The6' pieceof bar stock shownin Fig. 5-47 could be severely bowed after heat-treating. Butif the bar
isthen sawed into 6" lengths, we're only concerned with how straight each 6" length is. The laminated
honeycomb panel shown in Fig. 5-48 is an airfoil surface. Gross flatness of the entire surface can reach
.25". However, any abrupt surface variation within arelatively small area, such asadent or wrinkle, could
disturb airflow over the surface, degrading performance.

These specia form requirements can be addressed by specifying aform (only) tolerance on a unit
basis. The size of the unit length or area, for example 6.00 or 3.00 X 3.00, is specified to theright of the
form tolerance value, separated by a slash. This establishes a virtual condition boundary or tolerance
zone as usual, except limited in length or area to the specified dimension(s). As the limited boundary or
tolerance zone sweeps the entire length or area of the controlled feature, the feature’ s surface or derived
element (as applicable) shall conform at every location.

—].03/6.00]

0.750+.015

Figure 5-47 Straightness tolerance
applied on a unit basis
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.25

L7

05/3~DDX3 0o | Figure 5-48 Flatness tolerance applied
on aunit basis

Sincethebar stock in Fig. 5-47 may be bowed no morethan .03" inany 6" length, itsaccumul ated bow
over 6' cannot exceed 4.38". The automated saw can handlethat. In contrast, theairfoil in Fig. 5-48 may be
warped asmuch as.05" inany 3x 3" square. 1ts maximum accumulated warp over 36" is6.83". A panel that
bowed won't fit into the assembly fixture. Thus, for the airfoil, acompound feature control frameisused,
containing asingle“flatness” symbol with two stacked segments. The upper segment specifiesaflatness
tolerance of .25" applicableto the entire surface. Thelower segment specifiesflatness per unit area, not to
exceed .05" inany 3x 3" square. Obviously, the per-unit tolerance value must be lessthan thetotal -feature
tolerance.

5.8.10 Radius Tolerance

A radius(plura, radii) isaportion of acylindrical surface encompassing lessthan 180° of arc length. A

radius tolerance, denoted by the symbol R, establishes a zone bounded by a minimum radius arc and a
maximum radius arc, within which the entire feature surface shall be contained. Asadefault, each arc shall

be tangent to the adjacent part surfaces. See Fig. 5-49. Where a center is drawn for the radius, as in
Fig. 5-50, two concentric arcs of minimum and maximum radius bound the tolerance zone. Within the
tolerance zone, the feature’s contour may be further refined with a “controlled radius’ tolerance, as
described in the following paragraph.

R.75£.05

Drawing

Minimum

Figure 5-49 Radius tolerance zone
(where no center is drawn)

Part
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Drawing

R 1.00+.05

Part

R1.05

Figure 5-50 Radius tolerance zone where
acenter is drawn

5.8.10.1 Controlled Radius Tolerance

Where the symbol CR isapplied to aradius, thetolerance zoneis as described in section 5.8.10, but there
are additional requirements for the surface. The surface contour shall be a fair curve without reversals.
Weinterpret thisto mean atangent-continuous curvethat is everywhere concave or convex, asshownin
Fig. 5-51. Before the 1994 Revision of Y 14.5, there was no CR symbol, and these additional controls
applied to every radiustolerance. The standard impliesthatCR can only apply to atangent radius, but we
feel that by extension of principle, the refinement can apply to a“centered” radius aswell.

5.8.11 Spherical Radius Tolerance

A spherical radiusis a portion of a spherical surface encompassing less than 180° of arc length. A
spherical radiustolerance, denoted by the symbol SR, establishes a zone bounded by a minimum radius
arc and amaximum radiusarc, within which the entirefeature surface shall be contained. Asadefault, each
arc shall be tangent to the adjacent part surfaces. Where a center is drawn for the radius, two concentric
spheres of minimum and maximum radius bound the tolerance zone. The standards don’t address “con-
trolled radius’ refinement for a spherical radius.
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CR.75%.05

Drawing

Part Minimum
ar radius .70

Fair curve
without
reversals
Maximum
radius .80

Figure 5-51 Controlled radius tolerance
zone

5.8.12 When Do We Use a Form Tolerance?

As we explain in the next section, datum simulation methods can accommodate warped and/or out-of -
round datum features. However, datum simulation will usually be more repeatable and error free with well-
formed datum features. We discuss this further in section 5.9.12.

Asageneral rule, apply aform (only) tolerance to a nondatum feature only where thereis somerisk
that the surface will be manufactured with form deviations severe enough to cause problems in subse-
quent manufacturing operations, inspection, assembly, or function of the part. For example, a flathess
tolerance might be appropriatefor asurfacethat sealswith agasket or conductsheat to aheat sink. A roller
bearing might be controlled with acylindricity tolerance. A conical bearing race might have both astraight-
ness of surface elementstolerance and a circularity tolerance. However, such a conical surface might be
better controlled with profile tolerancing as explained in section 5.13.11.

FAQ: If featureform can be controlled with profile tolerances, why do we need all the formtoler-
ance symbols?

A: In section 5.13.11, we explain how profile tolerances may be used to control straightness or
flatness of features. While such applications are aviable option, most drawing usersprefer to
see the “straightness” or “flathess” characteristic symbols because those symbols convey
more information at a glance.
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5.9 Datuming
5.9.1 What Is a Datum?

According to the dictionary, a datumis a single piece of information. In logic, a datum may be a given
starting point from which conclusions may be drawn. In surveying, a datum is any level surface, line, or
point used as areference in measuring. Y 14.5’ s definition embraces all these meanings.

A datumisatheoretically exact point, axis, or plane derived from thetrue geometric counter -
part of a specified datum feature. A datum is the origin from which the location or geometric
characteristics of featuresof a part are established.

A datum feature isan actual feature of a part that isused to establish adatum.

A datumreferenceisan alphaletter appearing in acompartment following the geometric toler-
ance in a feature control frame. It specifies a datum to which the tolerance zone or acceptance
boundary is basically related. A feature control frame may have zero, one, two, or three datum
references.

Thediagram in Fig. 5-52 shows that a*“ datum feature” begets a“true geometric counterpart,” which
begets a “datum,” which is the building block of a “datum reference frame,” which is the basis for
tolerance zonesfor other features. Even expertsget confused by al this, but keep referring to Fig. 5-52 and
we'll sort it out one step at atime.

59.2 Datum Feature

Insection5.1.5, wesaid thefirst stepin GD& T isto “identify part surfacesto serve asoriginsand provide
specific rules explaining how these surfaces establish the starting point and direction for measurements.”
Such apart surfaceis called a datum feature.

According to the Bible, about five thousand years ago, God delivered some design specificationsfor
ahuge water craft to anice guy named Noah. “Make thee an ark of gopher wood... Thelength of the ark
shall be three hundred cubits, the breadth of it fifty cubits, and the height of it thirty cubits.” Modern
scholars are still puzzling over the ark’ s material, but considering the vessel would be half again bigger
than afootball field, Noah likely had to order material repeatedly, each timetelling hissons, “ Go fer wood.”
For the* height of thirty cubits’ dimension, Noah' ssons, Shem and Ham, made the final measurement from
the level ground up to the top of the “poop” deck, declaring the measured size conformed to the Holy
Specification “close enough.” Proudly looking on from the ground, Noah was unaware he was standing
on theworld’ sfirst datum feature!

Our point is that builders have long understood the need for a consistent and uniform origin from
whichto basetheir measurements. For theancients, it wasapatch of leveled ground; for modern manufac-
turers, it’saflat surface or astraight and round diameter on a precision machine part. Although any type
of part feature can be adatum feature, selecting oneisabit like hiring a sheriff who will provide astrong
moral center and direction for the townsfolk. What qualifications should we look for?

5.9.2.1 Datum Feature Selection

The most important quality you want in adatum feature (or asheriff) isleadership. A good datum feature
is a surface that most strongly influences the orientation and/or location of the part in its assembly. We
call that a“functional” datum feature. Rather than being a slender little wisp, agood datum feature, such
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Figure 5-52 Establishing datum reference frames from part features

as that shown in Fig. 5-53, should have “broad shoulders’ able to take on the weight of the part and
provide stability. Look for a“straight arrow” with an even “temperament” and avoid “moody” and unfin-
ished surfaces with high and low spots. Just as you want ahighly visible sheriff, choose adatum feature
that’ s likewise always accessible for fixturing during manufacturing, or for inspection probing at various

stages of completion.
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Less stable

a v Vo

Good datum

feature Figure 5-53 Selection of datum features

5.9.2.2 Functional Hierarchy

It’ stough to judge leadership in avacuum, but you can spot it intuitively when you see how a prospect
relatesto others. Fig. 5-54 showsthree parts of acar engine: engine block, cylinder head, and rocker arm
cover. Intuitively, we rank the dependencies of the pieces. The engine block is our foundation to which
we bolt on the cylinder head, to which we in turn bolt on the rocker arm cover. And in fact, that’s the

Cylinder head Rocker arm
COVEer

Gasket face most Influences
crientation to engine

Dowel holes influence remaining
Engine block degrees of freedom

Figure 5-54 Establishing datums on an engine cylinder head
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typical assembly sequence. Thus, in“interviewing” candidatesfor datum feature on the cylinder head, we
want the feature that most influences the head’ s orientation to the engine block. A clear choice would be
the bottom (head gasket) face. The two dowel holes are the other key players, influencing the remaining
degree of orientation as well as the location of the head on the block. These datum features, the bottom
face and the dowel holes, satisfy all our requirements for good, functional datum features. To select the
upper surface of the cylinder head (wheretherocker cover mounts) as adatum feature for the head seems
backwards—counterintuitive.

I'n our simplecar engine example, functional hierarchy isbased on assembly sequence. In other types
of devices, the hierarchy may beinfluenced or dominated by conflicting needs such as optical alignment.
Thus, datum feature selection can sometimes be as much art as science. In a complicated assembly, two
experts might choose different datum features.

5.9.2.3 Surrogate and Temporary Datum Features

Often, apromising candidate for datum feature hasall theleadership, breadth, and character we could ever
hopefor and would get sworninonthespot if only it weren't so reclusive or inaccessible. Thereare plenty
of other factors that can render a functional datum feature useless to us. Perhapsit’s an O-ring groove
diameter or ascrew thread—those arereally tough to work with. In such cases, it may be wiser to select a
nonfunctional surrogate datum feature, aswe've donein Fig. 5-55. A prudent designer might choose a
broad flange face and a convenient outside diameter for surrogate datum features even though in assem-
bly they contact nothing but air.

Bleed screw Candidate

surrogate
datum features

Candidate
surrogate
datum features

Housing

Figure 5-55 Selecting nonfunctional datum features

Many parts require multiple steps, or operations, in multiple machines for their manufacture. Such
parts, especially castings and forgings, may need to be fixtured or inspected even before the functional
datum featuresarefinished. A thoughtful designer will anticipate these manufacturing needs and identify
some temporary datum features either on an intermediate operation drawing or on the finished part
drawing.

Theuse of surrogate and temporary datum features often requires extra precautions. These nonfunc-
tional surfaces may haveto be made straighter, rounder, and/or smoother than otherwise necessary. Also,
therelationship between thesefeaturesand thereal, functional features may haveto be closely controlled
to prevent tolerances from stacking up excessively. There is a cost tradeoff in passing over functional
datum featuresthat may be more expensivetowork withinfavor of nonfunctional datum featuresthat may
be more expensive to manufacture.
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5.9.2.4 Identifying Datum Features

Once adesigner has “sworn in” adatum feature, he needsto put a“badge” on it to denote its authority.
Instead of astar, we use the “ datum feature” symbol shown in Fig. 5-56. The symbol consists of a capital
letter enclosed in a square frame, a leader line extending from the frame to the datum feature, and a
terminating triangle. Thetriangle may optionally besolidfilled, making it easier to spot on abusy drawing.

/ Filled or unfilled

T/ Square frame
Al
™~ Any letter

except |, O, or Q Figure 5-56 Datum feature symbol

Each datum feature shall be identified with adifferent letter of the alphabet (except I, O, or Q). When
the alphabet is exhausted, doubleletters (AA through AZ, BA through BZ, etc.) are used and the frameis
elongated to fit. Datum identifying | etters have no meaning except to differentiate datum features. Though
|etters need not be assigned sequentially, or starting with A, there are advantages and disadvantages to
doing both. In acomplicated assembly, it may be desirable to coordinate | etters among various drawings,
so that the same feature isn’t B on the detail part drawing, and C on the assembly drawing. It can be
confusing when two different partsin an assembly both have adatum feature G and those features don’t
mate. On the other hand, someone reading one of the detail part drawings can be frustrated looking for
nonexistent datums where letters are skipped. Such |etter choices are usually left to company policy, and
may be based on the typical complexity of the company’s drawings.

Thedatum feature symbol isapplied to the concer ned featur e surface outline, extension line, dimen-
sion line, or feature control frame asfollows:

(a) placed on the outline of a feature surface, or on an extension line of the feature outline, clearly
separated from the dimension line, when the datum featureisthe surfaceitself. See Fig. 5-57(a).

(b) placed on an extension of the dimension line of a feature of size when the datum isthe axis or
center plane. If thereisinsufficient space for thetwo arrows, one of them may bereplaced by thedatum
featuretriangle. See Fig. 5-57(b).

(c) placed on the outline of a cylindrical feature surface or an extension line of the featur e outline,
separated from the sizedimension, when thedatum isthe axis. The triangle may be drawn tangent to the
feature. See Fig. 5-57(c).

(d) placed on adimension leader lineto thefeature size dimension whereno geometrical tolerance
and feature control frame are used. See Fig. 5-57(d).

(e) placed on the planes established by datum tar gets on complex or irregular datum features (see
section 5.9.13.6), or toreidentify previoudy established datum axesor planeson repeated or multisheet
drawingrequirements. Wherethesamedatum featuresymbol isrepeated toidentify thesamefeaturein
other locations of adrawing, it need not beidentified asreference.

(f) placed above or below and attached to the feature control frame when the feature (or group of
features) controlled isthe datum axisor datum center plane. See Fig. 5-57(¢€).

(9) placed on achain line that indicates a partial datum feature.

Formerly, the “datum feature” symbol consisted of arectangular frame containing the datum-identi-
fying letter preceded and followed by a dash. Because the symbol had no terminating triangle, it was
placed differently in some cases.
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Figure 5-57 Methods of applying datum feature symbols
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5.9.3 True Geometric Counterpart (TGC)—Introduction

Simply deputizing apart surfaceasa“datum feature” still doesn’t give usthe uniform origin necessary for
highly precise measurements. As straight, flat, and/or round as that feature may be, it still has slight
irregularitiesin its shape that could cause differencesin repeated attemptsto reckon fromit. To eliminate
such measurement variation, we need to reckon from ageometric shapethat’s, well, perfect. Such aperfect
shapeis called atrue geometric counterpart (TGC).

If welook very closely at how partsfit together in Fig. 5-58, we see they contact each other only at a
few microscopic points. Due to infinitesimal variations and irregularities in the manufacturing process,
these few peaks or high points stand out from the surrounding part surface. Now, we realize that when
parts are clamped together with bolts and other fastening forces, sometimes at thousands of pounds per
squareinch, surface pointsthat wereoncetheelite“high” get brutally mashed downwiththerank and file.
Flangeswarp and bores distort. Flat head screws stretch and bend tortuously astheir cones squash into
countersinks. We hopethese plastic deformations and realignments are negligiblein proportion to assem-
bly tolerances. In any event, welack the technology to account for them. Thus, GD& T’ sdatum principles
are based on the following assumptions. 1) The foremost design criterion ismatability; and 2) high points
adequately represent a part feature’'s matability. Thus, like it or not, all datum methods are based on
surface high points.

Contacting
“high” points

Figure 5-58 Parts contacting at high points

From Table 5-4, you'll notice for every datum feature, there' s at least one TGC (perfect shape) that’s
related to its surface high points. In many cases, the TGC and the datum feature surface are conceptually
brought together in spaceto where they contact each other at one, two, or three high points on the datum
feature surface. In some cases, the TGC is custom fitted to the datum feature’ s high points. In yet other
cases, the TGC and datum feature surface are meant to clear each other. We'll explain the table and the
three types of relationshipsin the following sections.



Table 5-4 Datum feature types and their TGCs
Datum

Feature Datum True Geometric Restraint Contact
Type Precedence Counterpart (TGC) of TGC* Points Typical Datum Simulator(s)
VoYaYaYaYaYaYaYaYaYaYVaYaYaYVaYaYaYaYaYaYaYaYaYoYaYVaYVaYaYVaYaYaYaYVaYVaYaYaYaYVaYVaYaYaYaYaYaYaYVaYaYVaYaYaYaYVaYaYaYaYaYaYaYaYVaYaYaYaYaYaYaYaYa
nominally primary tangent plane none 1-3 surface plate or other flat base
flat VoY1V YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYVaYaYaYaYVaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYVaYaYaYaYaYaYVaYaYaYaYaYoaYaYaYaYaYaYaYa
plane secondary or tertiary tangent plane (0] 1-2 restrained square or fence
Y0Y0Y0YaYaY2Y0Y0YaYaYaYaYaY0YaYaYaYaYaY0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa
math-defined  primary tangent math-defined contour none 1-6 contoured fixture
(contoured) VoYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa VoYY Y0 YaYVaYaYaYaYVaYaYaYVaYaYaYa Yo Ya V0 Va0 Yo YaYVaYa Yo YVaYaYaYaYVaYaYa Va0V YaYaYVaYaYaYaYa
plane secondary or tertiary tangent math-defined contour (0] 1-2 restrained contoured fixture
Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa
feature primary actual mating envelope none 34 adjustable-size chuck, collet, or mandrel;
of size, fitted gage pin, ring, or Jo blocks
RFS VaYaYaYaYaYaYVaYaYaYVaYVoaYa Y0 VoY YVaYVaYaYaYVaYaYaYVaYVaYaYVaYVaYaYVaYVaYaYVaYVaYaYaYVaVa Y0 YoV Y0 VoYV YaYVaYVaYaYVaYVaYaYVaYVa Yo YaYaVa Y0 YVaYaYa
secondary or tertiary actual mating envelope (0] 2-3 same as for primary (above), but restrained
Y0Y0Y0YaYaYaY0Y0YaYaYaYaYaY0YaYaYaYaYaY0YaYaYaYaYaY0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa
primary boundary of perfect format MMC none 0-4 gage pin, ring, or Jo blocks, at MMC size
VoY1V YaYaYaYaYaYVaYaYaYaYaYaYaYaYaYaYaYaYaYVaYVaYaYaYaYVaYaYaYaYaYaYaYaYaYaYVaYaYaYaYVaYaYaYaYaYaYaYVaYaYa V2oV Y2 YaYaYaYaYaYa
feature primary w/straightness MMC virtual condition boundary ~ none 0-4 gage pin, ring, or Jo blocks, at MMC virtual
of size, or flatness tol at MMC condition size
MMC VoY1 YaYaYaYVaYaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYVaYaYVaYVaYaYaYVaYaYaYVa Yo Y0 VoY Y0 YVaYVaYaYVaYVaYaYaYVaYaYVaYVa Yo Y0 YaYaYaYVaYaYa
secondary or tertiary MMC virtual condition boundary  O,L 0-2 restrained pin, hole, block, or slot, at MMC

virtual condition size

Y0¥ YaYaYaYaY0Y0Y0Y0YaYaYaYaYaYaYaYaYaY0Y0Y0YaYaYaYaYaYaYaYaYaYaY0Y0YaYaYaYaYaYaYaYaYaYaYaYs

primary boundary of perfect format LMC  none 0-4 computer model at LMC size
feature VaYaYaYaYaYaYVaYaYaYaYaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYVaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYaYaYVaYVaYa YoV YaYaYaYaYaYVaYaYaYVaYaYaYVaYaYa
of size, primary w/straightness LMC virtual condition boundary none 0-4 computer model at LMC virtual condition size
LMC or flatnesstol at LMC

VoYY YaYaYaYaYaYaYaYVaYa Y YaYaYVaYaYaYaYaYVaYa Y YaYaYVaYVa Yo YaYaYaYVaYVa Y YaYaYVaYVaYaYaYaYaYVa VoYY YaYa YoV Yo ¥aYaYa VoYY Ya Vi

secondary or tertiary LMC virtua condition boundary oL 0-2 computer model at LMC virtual condition size
Y0Y0YaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa
bounded primary MMC profile boundary none 0-5 fixture or computer model
feature, VoYaYaYaYaYaYaYaYaYaYaYaYaYaYaYa VYoV Yo Ya Vs YVaYaYaYaYVaYaYaYVaYaYaYaYVa Y2V Va0 Yo YaYVaYaYaYVaYaYa V0o Y0V Va0V YaYaYVaYaYaYaYa
MMC secondary or tertiary MMC virtual condition boundary  O,L 0-3 fixture or computer model
YaY1YaY0YaYaYaYaYa¥0YaYaYaYaY0YaYaYaYaY0YaYa¥0YaYaYaYaY0YaYa¥0YaYaYaYa¥Y0YaYaYaYaY0YaYa¥YaYaYaYa
bounded primary LMC profile boundary none 0-5 computer model
feature, VoY1V YaYaYaYaYaYaYaYaYaYaYaYaYaYa Va0V Ya Vs YVaYaYaYaYVaYaYVaYaYaYa Y0 Vs Y20 Va0 Yo YaYVaYaYaYaYaYVaYaYVaYaYaYaYaYaYa Vs Va0 YaYaYa
LMC secondary or tertiary LMC virtua condition boundary oL 0-3 computer model

YaYaYaYa¥030Y0YaYaYaYaYaYaYaYaYaY0Y0Y0Y0Y0YaYaYaYaYaYaYaYaY0Y0Y0YaYaYaYaYaYaYaYaYaY0Y0Y0YaYaYa

* to higher-precedence datum(s) O = restrained in orientation, L = restrained in location

89-9
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5.9.4 Datum

Remember the definition: A datumis a theoretically exact point, axis, or plane derived from the true
geometric counter part of aspecified datum feature. OncewehaveaTGC for afeature, it’ ssimpleto derive
the datum from it based on the TGC' s shape. Thisis shown in Table 5-5.

Table 5-5 TGC shape and the derived datum

TGC SHAPE DERIVED DATUM
tangent plane identical plane
math-defined contour 3 mutually perpendicular planes (complete DRF)
sphere (center) point
cylinder axis (straight line)
opposed parallel planes (center) plane
revolute axisand point along axis
bounded feature 2 perpendicular planes
5.9.5 Datum Reference Frame (DRF) and Three Mutually Perpendicular Planes

Datums can be thought of as building blocks used to build a dimensioning grid called adatumreference
frame (DRF). The simplest DRFs can be built from asingle datum. For example, Fig. 5-59(a) showshow a
datum plane provides a single dimensioning axis with a unique orientation (perpendicular to the plane)
and an origin. This DRF, though limited, is often sufficient for controlling the orientation and/or location
of other features. Fig. 5-59(b) shows how adatum axis provides one dimensioning axis having an orienta-
tion with no origin, and two other dimensioning axes having an origin with incomplete orientation. This
DRF is adequate for controlling the coaxiality of other features.

Simple datums may be combined to build a 2-D Cartesian coordinate system consisting of two
perpendicular axes. Thistype of DRF may be needed for controlling thelocation of ahole. Fig. 5-60 shows
the ultimate: a 3-D Cartesian coordinate system having a dimensioning axis for height, width, and depth.
Thistop-of-the-line DRF has three mutually perpendicular planes and three mutually perpendicular axes.
Each of the three planesis perpendicular to each of the other two. Theline of intersection of each pair of
planesisadimensioning axis having its origin at the point where all three axesintersect. Using this DRF,
the orientation and location of any type of feature can be controlled to any attitude, anywhere in space.
Usually, it takestwo or three datumsto build this complete DRF.

Since each type of datum has different abilities, it's not very obvious which ones can be combined,
nor isit obvious how to build the DRF needed for aparticul ar application. Inthefollowing sections, we' ll
help you select datums for each type of tolerance. In the meantime, we'll give you an idea of what each
datum can do.

5.9.6 Datum Precedence

Where datums are combined to build a DRF, they shall always be basically (perfectly) oriented to each
other. In some cases, two datums shall also be basically located, one to the other. Without that perfect
alignment, the datums won’t define a unique and unambiguous set of mutually perpendicular planes or
axes.
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Infunctional hierarchy, Fig. 5-61's“cover” isapart that will be mounted onto a“base.” Thecover's
broad face will be placed against the base, slid up against the fences on the base, then spot welded in
place. Using our selection criteriafor functional datum features, we' ve identified the cover’ sthree planar
mounting featuresasdatum features A, B, and C. Considered individually, the TGC for each datum feature
isafull-contact tangent plane. Since the datum feature surfaces are slightly out-of-square to each other,
their full-contact TGCswould likewise be out-of-square to each other, aswould be the three datum planes
derived from them. Together, three out-of -square datum planes cannot yield a unique DRF. We need the
three datum (and TGC) planesto be mutually perpendicular. The only way to achieve that isto excuse at
|east two of the TGC planes from having to make full contact with the cover’s datum features.

Base

=7
Cover

[~

—.250
4 |0.005|A|B|C

Figure 5-61 Datum precedence for a
cover mounted onto a base

On the other hand, if we allow each of the three TGCs to contact only a single high point on its
respective datum feature, we permit awide variety of alignment relationships between the cover and its
TGCs. Intuitively, we wouldn’t expect the cover to assemble by making only one-point contact with the
base. And certainly, this schemeis no good if we want repeatability in establishing DRFs. Instead, we
should try to maximize contact between our datum feature surfaces and their TGC planes. Realizing we
can’'t have full contact on al three surfaces, we'll have to prioritize the three datum features, assigning
each adifferent requirement for completeness of contact.

Using the same criteria by which we selected datum features A, B, and C inthefirst place, we examine
theleadership each hasover the cover’ sorientation and | ocation in the assembly. We conclude that datum
feature A, being the broad face that will be clamped against the base, is the most influential. The datum
feature B and C edges will be pushed up against fences on the base. Datum feature B, being longer, will
tend to overpower datum feature C in establishing the cover’s rotation in assembly. However, datum
feature C will establish a unique location for the cover, stopping against its corresponding fence on the
base.
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Thus, we establishdatum precedence for the cover, identifying datum A astheprimary datum, datum
B as the secondary datum, and datum C asthe tertiary datum We denote datum precedence by placing
the datum references sequentially in individual compartments of the feature control frame. The tolerance
compartment isfollowed by the primary datum compartment, followed by the secondary datum compart-
ment, followed by thetertiary datum compartment. Intext, we can expressthe sameprecedence A|B|C. The
specified datum precedence tells us how to prioritize establishment of TGCs, alowing us to fit three
mutually perpendicular TGC planes to our out-of-square cover. Here's how it works.

5.9.7 Degrees of Freedom

Let’ sstart with asystem of three mutually perpendicular TGC planes as shownin Fig. 5-62(a). For discus-
sion purposes, let’ slabel oneplane”A,” one”B,” and one“C.” Thelines of intersection between each pair
of planescan bethought of asaxes, “AB,” “BC,” and“ CA.” Remember, thisisasystem of TGC planes, not
aDRF (yet).
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Figure 5-62 Arresting six degrees of freedom between the cover and the TGC system
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Imagine the cover floating in space, tumbling all about, and drifting in a randomly winding motion
relative to our TGC system. (The CMM users among you can imagine the cover fixed in space, and the
TGC system floating freely about—Albert Einstein taught usit makes no difference.) We can describe al
therelative free-floating motion between the cover and the TGC system as acombination of rotation and
translation (linear movement) parallel to each of the three TGC axes, AB, BC, and CA. These total six
degrees of freedom In each portion of Fig. 5-62, we represent each degree of freedom with a double-
headed arrow. To achieve our goal of fixing the TGC system and cover together, we must arrest each one
of the six degrees of relative motion between them. Watch the arrows; as we restrain each degree of
freedom, its corresponding arrow will become dashed.

Each datum reference in the feature control frame demands a level of congruence (in this case,
contact) between the datum feature and its TGC plane. The broad face of the cover is labeled datum
feature A, the primary datum feature. That demands maximum congruence between datum feature A and
TGC plane A. Fig. 5-62(b) shows the cover sslamming up tight against TGC plane A and held there, asif
magnetically. Suddenly, the cover can no longer rotate about the AB axis, nor can it rotate about the CA
axis. It can nolonger translate along the BC axis. Three degrees of freedom arrested, just like that. (Notice
thearrows.) However, the cover isstill abletotwist parallel tothe BC axisand translate at will alongthe AB
and CA axes. We'll haveto put a stop to that.

The long edge of the cover is labeled datum feature B, the secondary datum feature. Fig. 5-62(c)
illustratesthe cover sliding along plane A, slamming up tight against plane B and held there. However, this
timethe maximum congruence possibleislimited. Asthecover slides, all three degrees of freedom arrested
by any higher precedence datum feature—datum feature A in this case—shall remain arrested. Thus,
datum feature B can only arrest degrees of freedom |eft over from datum feature A. This means the cover
can't rotate about the BC axis anymore, nor can it translate along the CA axis. Two more degrees of
freedom are now arrested. We' vereduced the cover to sliding to and fro in aperfectly straight line parallel
to axis AB. One more datum reference should finish it off.

The short edge of the cover is labeled datum feature C, the tertiary datum feature. Fig. 5-62(d) now
shows the cover sliding along axis AB, slamming up tight against plane C and held there. Again, the
maximum congruence possibleiseven morelimited. Asthecover slides, all degrees of freedom arrested by
higher precedence datum features—three by datum feature A and two by datum feature B—shall remain
arrested. Thus, datum feature C can only arrest thelast remai ning degree of freedom, translation along axis
AB. Finally, all six degrees of freedom have been arrested; the cover and its three TGC planes are now
totally stuck together.

Thenext steps areto derivethe datum from each TGC, then construct the DRF from the three datums.
Since we used such a simple example, in this case, the datums are the same planes as the TGCs, and the
three mutually perpendicular planes of the DRF are the very same datum planes. Sometimes, it’ sjust that
simple!

Because wewere so careful in selecting and prioritizing the cover’ sdatum features according to their
assembly functions, the planes of the resulting DRF correspond as closely as possible to the mating
surfaces of the base. That’'s important because it allows us to maximize tolerances for other features
controlled to our DRF. Just asimportantly, we can unstick the cover, set it toppling and careening all over
again, then repeat the above three alignment steps. No matter who tellsit, no matter who performsit, no
matter which moves, TGCs or cover, the cover’'s three datum features and their TGC planes will always
slam together exactly the same. We'll always get the same useful DRF time after time.

“Always,” that is, when datum precedence remains the same, A|B|C. Note that in Fig. 5-63(a), the
DRF’ sorientation was optimized for the primary datum feature, A, first and foremost. The orientation was
only partly optimized for the secondary datum feature, B. Orientation was not optimized at all for the
tertiary datumfeature, C. If wetranspose datum precedenceto A|C|B, asin Fig. 5-63(b), our first alignment
step remainsthe same. We still optimize orientation of the TGC system to datum feature A. However, now
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Figure 5-63 Comparison of datum precedence
our second step is to optimize orientation partly for secondary datum C. Datum feature B now has no
influence over orientation. Thus, changing datum precedence yields adifferent DRF. The greater the out-
of -squareness between the datum features, the greater the difference between the DRFs.

Our example part needsthree datumsto arrest all six degrees of freedom. On other parts, all six degrees
can bearrested by various pairings of datums, including two nonparallel lines, or by certain types of math-
defined contours. Further, it’s not always necessary to arrest all six degrees of freedom. Many types of
feature control, such as coaxiality, require no more than three or four degrees arrested.

FAQ: Is there any harm in adding more datum references than necessary in a feature control
frame—just to be on the safe side?

A: Superfluous datum references should be avoided to prevent confusion. A designer must fully
understand every datum reference, including the appropriate TGC, the type of datum derived,
the degrees of freedom arrested based on its precedence, and that datum’ srolein constructing
the DRF. Doubt is unacceptable.

5.9.8 TGC Types

Table 5-4 shows that each type of datum feature has a corresponding TGC. Each TGC either has no size,
adjustablesize, or fixed size, depending on thetype of datum feature and thereferenced material condition.
Also, aTGC iseither restrained or unrestrained, depending on the datum precedence.
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5.9.8.1 Restrained Versus Unrestrained TGC

Wesaw inour cover examplehow all the degrees of freedom arrested by higher precedence datum features
flowed down to impose limitations, or restraint, on the level of congruence achievable between each
lower-precedence datum feature and its TGC. Aswe mentioned, such restraint isnecessary in all DRFsto
establish mutually perpendicular DRF planes. In the case of a primary datum feature, there is no higher
precedence datum, and therefore, no restraint. However, where a secondary TGC exists, it’s restrained
relative to the primary TGC in all three or four degrees arrested by the primary datum feature. Likewise,
where atertiary TGC exists, it’ s restrained relative to the primary and secondary TGCsin all five degrees
arrested by the primary and secondary datum features.

Inour simple cover example, secondary TGC plane B isrestrained perpendicular to TGC plane A. The
translation arrested by plane A has no effect on the location of plane B. Tertiary TGC plane C is first
restrained perpendicular to TGC plane A, then perpendicular to TGC plane B aswell. The two degrees of
translation arrested by planes A and B have no effect on the location of plane C.

In all cases, the orientation of secondary and tertiary TGCs is restrained. Where a secondary or
tertiary datum feature is nominally angled (neither parallel nor perpendicular) to a higher precedence
datum, its TGC shall be restrained at the basic angle expressed on the drawing. The planes of the DRF
remain normal to the higher precedence datums. If the angled datum arrests a degree of translation, the
originiswhere the angled datum (not the feature itself) intersects the higher precedence datum. Aswe'll
explainin section 5.9.8.4, there are cases where the location of a TGC is also restrained relative to higher-
precedence datums.

5.9.8.2 Nonsize TGC

Look at the“ Datum Feature Type” column of Table 5-4. Notice that for anominally flat plane, the TGCis
atangent plane. For a math-defined (contoured) plane, the TGC is a perfect, tangent, math-defined con-
tour. These TGC planes, whether flat or contoured, have no intrinsic size. Aswe saw in Fig. 5-62(b), the
TGC plane and the datum feature surface are brought together in space to where they just contact at as
many high points on the datum feature surface as possible (as many asthree for aflat plane, or up to six
for a contoured plane). “ Tangent” means the TGC shall contact, but not encroach beyond the datum
feature surface. In other words, all noncontacting points of the datum feature surface shall lie on the same
side of the TGC plane.

Notice under the “Restraint of TGC” column, for a primary flat or contoured tangent plane TGC, no
restraint is possible. For a secondary or tertiary tangent plane TGC, orientation is always restrained and
location is never restrained to the higher-precedence datum(s). If location were restrained, it might be
impossible to achieve contact between the datum feature surface and its TGC.

5.9.8.3 Adjustable-size TGC

Looking again at Table 5-4, we notice that for afeature of size referenced as adatum RFS, the TGC isan
actual mating envelope asdefined in section 5.6.4.2. An actual mating envelopeiseither aperfect sphere,
cylinder, or pair of parallel planes, depending on thetype of datum feature of size. See Fig. 5-64. The actual
mating envelope’ s size shall be adjusted to make contact at two to four high points on the datum feature
surface(s) without encroaching beyond it.

According tothe Math Standard, for asecondary or tertiary actual mating envelope TGC, orientation
isalways restrained and location is never restrained to the higher-precedence datum(s). See Fig. 5-65.
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FAQ: But, if | havea shaft (primary datumA) with a shallow radial anti-rotation hole (secondary
datumB), how cantheholearrest the DRF’ srotationif its TGCisn't fixed (located) on center
with the shaft?

A: In this example, datum feature B, by itself, can't arrest the rotational degree of freedom satis-
factorily. It must work jointly with datum feature A. Both A and B should be referenced as
secondary co-datum features, as described in section 5.9.14.2. The DRF would be A|A-B.
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5.9.8.4 Fixed-size TGC

According to Table 5-4, for features of size and bounded featuresreferenced as datumsat MM C or LMC,
the TGCsinclude MMC and LMC boundaries of perfect form, MMC and LMC virtual condition bound-
aries, and MMC and LM C profile boundaries. See Figs. 5-66 through 5-71. Each of these TGCshasafixed
size and/or fixed shape. For an MM C or LM C boundary of perfect form, the size and shape are defined by
size limits (see section 5.6.3.1and Figs. 5-66 and 5-68). A virtual condition boundary is defined by a
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combination of sizelimitsand ageometric tolerance (see section 5.6.3.2 and Figs. 5-67 and 5-69). A profile
boundary isdefined by aprofiletolerance (see section 5.13.4 and Figs. 5-70 and 5-71). Thus, none of these
boundaries are generated by referencing the feature as a datum feature. It’ s just that when the featureis
referenced, its appropriate preexisting boundary becomesits TGC.

A straightnesstolerance at MMC or LM C applied to a primary datum feature cylinder, or astraight-
nessor flatnesstoleranceat MM C or LM C applied to aprimary datum feature width establishesa L evel 2
virtual condition boundary for that primary datum feature. See Fig. 5-72. This unrestrained virtual condi-
tion boundary becomes the TGC for the datum feature.
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For asecondary or tertiary datum feature of size or bounded feature referenced at MMC or LMC, the
TGCisanMMC or LMC virtual condition boundary. For thisvirtual condition boundary TGC, orientation
is always restrained at the basic angle to the higher-precedence datum(s). Where the virtual condition
boundary is also basically located relative to higher precedence datum(s), the TGC's location is always
restrained at the basic location aswell. In Fig. 5-24, the datum B boreis controlled with aperpendicul arity
toleranceat MMC, then referenced asadatum at LM C. Such applications should be avoided becausethe
standards don’t clearly define the TGC for datum B.

A fixed-size TGCismeant to emulate an assembly interface with afixed-sizefeature on the mating part.
Since contact may or may not occur between the two mating features, contact islikewise permitted but not
required between the datum feature surface and its fixed-size TGC.

5.9.9 Datum Reference Frame (DRF) Displacement

Therequirement for maximum contact between aplanar surfaceand itsnonsize TGC should yield aunique
fit. Likewise, an actual mating envelope’'s maximum expansion within an internal feature of size or its
contraction about an external feature of size ought to assure arepeatablefit. Each of those types of TGC
should always achieve a unique and repeatable orientation and location relative to its datum feature.
Conversely, a fixed-size TGC is not fitted to the datum feature, and need not even contact the datum
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feature surface(s). Rather than achieving a unique and repeatabl e fit, the fixed-size TGC can achieve a
variety of orientations and/or locations relative to its datum feature, as shown in Fig. 5-73. This effect,
called datumreferenceframe (DRF) displacement, isconsidered avirtue, not abug, sinceit emulatesthe
variety of assembly relationships achievable between potential mating parts.
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Usually, alooser fit between two mating parts eases assembly. Y ou may have experienced situations
where screws can’t seem to find their holes until you jiggle the parts around alittle, then the screws drop
right through. Where a designer can maximize the assembly clearances between piloting features, those
clearances can be exploited to allow greater tolerances for such secondary features as screw holes. This
may reduce manufacturing costs without harming assemblability.

5.9.9.1 Relative to a Boundary of Perfect Form TGC

InFig. 5-74, we havethreeparts, shaft, collar, and pin. Let’ sassumeour only design concernisthat thepin
can fit through both the collar and the shaft. We' veidentified as datum features the shaft’ s diameter and
the collar’ sinside diameter. Notice that the smaller the shaft is made, the farther its cross-hole can stray
from center and the pin will till assemble. Likewise, the larger the collar’ sinside diameter, the farther off-
center itscross-hole can beand the pin will still assemble. Onthe shaft or the collar, we can makethehole's



5-82 Chapter Five

Collar

Collar

Figure 5-74 DRF displacement relative to a boundary of perfect form TGC

positional tolerance interact with the actual size of the respective datum feature, always permitting the
maximum positional tolerance. We'll explain the tolerance cal culationsin Chapter 22, but right now, we're
concerned with how to establish the DRFs for the shaft and the collar.

The shaft’ sdatum featureis afeature of size. According to Table 5-4, if wereferencethat featureasa
primary datum at MMC, its boundary of perfect form at MMC also becomes its TGC. That's a perfect
AE1.000 cylinder. Any shaft satisfying its size limits will be smaller than ££1.000 (MMC) and ableto rattle
around, to some extent, within the A1.000 TGC cylinder. (Remember, the datum feature surface need not
contact the TGC anywhere.) This rattle, or DRF displacement, is relative motion permitted between the
datum feature surface and its TGC. Y ou can think of either one (or neither one) as being fixed in space. In
the case of the shaft’s primary datum, DRF displacement may include any combination of shifting and
tilting. In fact, of the six degrees of freedom, none are absolutely restrained. I nstead, rotation about two
axes, and translation along two axes are merely limited. Thelimitations are that the TGC may not encroach
beyond the datum feature surface. Obviously, the greater the clearance between the datum feature surface
and its TGC, the greater the magnitude of allowable DRF displacement.

Similarly, thecollar’ sdatum featureisafeature of size. Referenced asaprimary datum featureat MMC,
its TGC isits A£1.005 boundary of perfect format MMC. Any collar satisfying its size limitswill be larger
than A1.005 (MMC) and ableto rattle around about the A£1.005 TGC cylinder.

By extension of principle, an entire bounded feature may bereferenced asadatum featureat MM C or
LMC. Where the bounded feature is established by a profile tolerance, asin Fig. 5-70, the appropriate
MMC or LMC profile boundary also becomesthe TGC. Aswith simpler shapes, DRF displacement derives
from clearances between the datum bounded feature surface and the TGC. As always, the TGC may not
encroach beyond the datum feature surface.
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5.9.9.2 Relative to a Virtual Condition Boundary TGC

A primary datum diameter or width may have astraightnesstoleranceat MM C, or afeature of size may be
referenced as a secondary or tertiary datum at MMC. In these cases, DRF displacement occurs between
the datum feature surface and the TGC that isthe MM C virtual condition boundary. Table 5-4 reminds us
that for a secondary or tertiary datum feature of size at MMC, degrees of rotation (orientation) and/or
translation (location) already restrained by higher precedence datums shall remain restrained. Thus, DRF
displacement may be further limited to translation along one or two axes and/or rotation about just one
axis.

5.9.9.3 Benefits of DRF Displacement

AsFig. 5-52 shows, aTGC definesadatum, which, inturn, definesor helpsdefineaDRF. ThisDRF, inturn,
defines a framework of tolerance zones and/or acceptance boundaries for controlled features. Thus,
allowabl e displacement between a datum feature surface and its TGC equates to identical displacement
between the datum feature surface and the framework of tolerance zones. DRF displacement thereby
allows freedom and flexibility in manufacturing, commensurate with what will occur in actual assembly.
Because DRF displacement isadynamic interaction, it’ soften confused with the other type of interaction,
“bonustolerance,” described in section 5.6.5.1. Despite what anyone tells you:

Unlike “ bonus tolerance,” allowable DRF displacement never increases any tolerances. All vir-
tual condition boundaries and/or tolerance zones remain the same size.

5.9.9.4 Effects of All Datums of the DRF

Allowable displacement of the entire DRF isgoverned by all the datums of that DRF acting in concert. In
Fig. 5-75, datum boss B, acting alone as a primary datum, could allow DRF displacement including trans-
lation along three axes and rotation about three axes. Where datum A is primary and B is secondary (as
shown), DRF displacement is limited to tranglation in two axes, and rotation only about the axis of B.
Addition of tertiary datum C still permits some DRF displacement, but the potential for translation is not
equal in al directions. Rotation of the DRF lessens the magnitude of allowable translation, and con-
versely, translation of the DRF lessens the magnitude of allowable rotation.

5.9.9.5 Effects of Form, Location, and Orientation

The actual form, location, and orientation of each datum feature in a DRF may allow unequal magnitudes
for displacement in various directions. In Fig. 5-76, the datum shaft is out-of-round, but is still within its
sizelimits. InFig. 5-77, the tertiary datum boss deviates from true position, yet conformsto its positional
tolerance. In both examples, the potential for DRF translation in the X-axisis significantly greater thanin
the'Y-axis.

5.9.9.6 Accommodating DRF Displacement

Inany DRF, the effects described abovein sections5.9.9.4 and 5.9.9.5 may combineto produce apotential
for displacement with complex and interactive magnitudes that vary in each direction. As we said, the
allowabl e displacement has no effect on the sizes of any virtual condition boundaries or tolerance zones
for controlled features. DRF displacement may be completely and correctly accommodated by softgaging
or (in MMC applications) by a functional gage. (See Chapter 19.) (The best way to learn about DRF
displacement isto feel with your handsthe clearancesor “rattle” between apart and itsfunctional gage.)
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In DRFs having a single datum feature of size referenced at MMC, allowable displacement may be
approximated by calculating the size difference between the datum feature’s TGC and its actual mating
envelope. Find the appropriate entitiesto usein Tables 5-3 and 5-4. For aprimary datum feature, both the
TGC and the actual mating envelope are unrestrained. For a secondary or tertiary datum feature, both
entities must be restrained identically for proper results.

For example, inFig. 5-67, secondary datum feature B’s TGC isacylindrical virtual condition boundary
restrained perpendicular to datum A. To calculate allowable DRF displacement, we comparethesize of this
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boundary (4134) with datum feature B’s actual mating size (A140), derived from the actual mating
envelope that is likewise restrained perpendicular to datum A. The calculated size difference (££006)
approximates the total clearance. With the actual mating envelope centered about the virtual condition
boundary as shown, the clearance all around is uniform and equal to one-half the calcul ated size differ-
ence (A£006 + 2 =.003). Thus, the DRF may translate up to that amount (.003) in any direction before the
mating envelope and the TGC interfere. In our example, the A£.142 unrestrained actual mating envelopeis
larger than the A.140 restrained envelope. Calculations erroneously based on the larger unrestrained
envelope will overestimate the clearance all around, perhaps allowing acceptance of a part that won't
assemble.

In using fitted envelopes, this simple approximation method is like the alternative center method
described in section 5.6.5 and has similar limitations: It'sawkward for LM C contexts, it doesn’t accommo-
date allowable tilting, and the least magnitude for translation in any direction is applied uniformly in al
directions. Conseguently, it will reject some marginal parts that a proper functional gage will accept.
Where used properly, however, this method will never accept a nonconforming part.

5.9.10 Simultaneous Requirements

We mentioned that DRF displacement emulates the variety of orientation and/or location relationships
possible between two partsin assembly. In most cases, however, the partswill befastened together at just
one of those possibl e relationships. Thus, there shall be at |east one relationship where all the holesline
up, tab A fitscleanly into slot B, and everything works smoothly without binding. Stated more formally,
there shall be a single DRF to which all functionally related features simultaneously satisfy all their
tolerances. Thisruleis called simultaneous requirements.

By default, the “ simultaneous requirements’ rule appliesto multiple features or patterns of features
controlled to a“common” DRF having allowable DRF displacement. Obviously, DRF displacement can
only occur where one or more of the datum featuresis afeature of size or bounded feature referenced at
MMC or LMC. Fig. 5-78 demonstrates why “common DRF” must be interpreted as “identical DRF.”
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Though primary datum A is“common” to all three feature control frames, we can’t determine whether the
DRF of datum A aone should share simultaneous requirements with A|B or with A|C. Thus, no simulta-
neous requirements exist unless there is a one-to-one match of datum references, in the same order of
precedence, and with the same modifiers, as applicable.

ThepartinFig. 5-79 will assembleinto abody where all the featureswill mate with fixed counterparts.
The designer must assure that all five geometrically controlled features will fit at a single assembly
relationship. Rather than identifying the slot or one of the holes as a clocking datum, we have controlled
al five featuresto asingle DRF. The angular relationships among the .125 slot and the holes are fixed by
90° and 180° basic angles implied by the crossing center lines, according to Fundamental Rule (j). Asa
result, al five features share simultaneous requirements, and all five geometric tolerances can be in-
spected with asingle functional gagein just afew seconds.
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Figure 5-79 Using simultaneous requirements rule to tie together the boundaries of five features
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Without such agage, simultaneous reguirements can become a curse. Aninspector may be required
to make multiple surface plate setups, struggling to reconstruct each timetheidentical DRF. Older CMMs
generally establish all datums as if they were RFS, simply ignoring allowable DRF displacement. That’s
fineif al simultaneous requirement features conform to that fixed DRF. M ore sophisticated CMM software
cantry various displacements of the DRF until it finds alegitimate oneto which all the controlled features
conform.

Given the hardships it can impose, designers should nullify the “simultaneous requirements” rule
wherever it would apply without functional benefit. Do this by placing the note SEP REQT adjacent to
each applicable feature control frame, as demonstrated in Fig. 5-80. Where separate requirements are
allowed, apart may still be accepted using acommon setup or gage. But a“ SEPREQT” feature (or pattern)
cannot be deemed discrepant until it has been evaluated separately. For details on how simultaneous or
separate requirements apply among composite and stacked feature control frames, seesection5.11.7.3and
Table5-7.
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FAQ: Do simultaneous requirementsinclude profile and orientation tolerances?

A: Y 14.5 shows an example where simultaneous requirements include a profile tolerance, but
neither standard mentions the rule applying to orientation tolerances. Wefeel that, by exten-
sion of principle, orientation tolerances are also included automatically, but adesigner might
be wise to add the note SIM REQT adjacent to each orientation feature control frame that
should be included, aswe havein Fig_;. 5-81.

//
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u
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Figure 5-81 Imposing simultaneous

_| [.005[A@B] SIM REQT requirements by adding a note




Geometric Dimensioning and Tolerancing 5-89

5.9.11 Datum Simulation

In sections 5.9.8.1 through 5.9.8.4, we discussed how perfectly shaped TGCs are theoretically aligned,
fitted, or otherwiserelated to their datum features. The theory isimportant to designers, becauseit helps
them analyzetheir designs and apply proper geometric controls. But an inspector facing aproduced part
has no imaginary perfect shapesin histoolbox. What he hasinstead include the following:

* Machinetables and surface plates (for planar datum features)

* Plug and ring gages (for cylindrical datum features)

® Chucks, collets, and mandrels (also for cylindrical datum features)

* Contoured or offset fixtures (for mathematically defined datum features)

Inspectors must use such high quality, but imperfect toolsto derive datums and establish DRFs. The
process is called datumsimulation because it can only simulate the true datums with varying degrees of
faithfulness. The tools used, called datum feature simulators, though imperfect, are assumed to have a
unique tangent plane, axis, center plane, or center point, called the simulated datum, that functions the
same as atheoretical datum in establishing a DRF.

Fig. 5-52 showsthe rel ationship between theterms Y 14.5 uses to describe the theory and practice of
establishing datums. Errorsin the form, orientation, and/or location of datum simul ators create a discrep-
ancy between the simulated datum and the true datum, so we always seek to minimize the magnitude of
such errors. “Dedicated” tools, such as those listed above, are preferred as simulators, because they
automatically find and contact the surface high points. Alternatively, flexible processing equipment, such
as CMMs may be used, but particular care must be taken to seek out and use the correct surface points.
The objectiveisto simulate, as nearly as possible, the theoretical contact or clearance between the TGC
and the datum feature’ s high or tangent points. Table 5-4 includes examples of appropriate datum feature
simulators for each type of datum feature.

5.9.12 Unstable Datums, Rocking Datums, Candidate Datums

Cast and forged faces tend to be bowed and warped. An out-of-tram milling machine will generate milled
facesthat aren’t flat, perhaps with stepsin them. Sometimes, part features distort during machining and
heat treating processes. Fig. 5-82 shows adatum feature surface that’ s convex relativeto itstangent TGC

Drawing

Two possible
orientations

of part an TGC
plane

Figure 5-82 Datum feature surface that
does not have a unique three-point contact
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plane, and can’t achieve a unique three-point contact relationship. In fact, contact may occur at just one
or two high points. Thisis considered an “unstable” condition and produces what's called a rocking

datum. In other words, there are a variety of tangent contact relationships possible, each yielding a
different candidate datum and resulting candidate datum reference frame. These terms derive from the
fact that each “ candidate” is qualified to serve asthe actual datum or DRF. The standards allow auser to

€lect any single expedient candidate datum.

Let’s suppose an inspector places a part’s primary datum face down on a surface plate (a datum
simulator) and the part teeters under its own weight. Theinspector needsthe part to hold still during the
inspection. Y 14.5 states the inspector may “adjust” the part “to an optimum position,” presumably a
position where all features that reference that DRF conform to their tolerances. The prescribed “ adjust-
ment” usually involves placing some shims or clay strategically between the part and the surface plate.

Theonly way aCMM can properly establish a usable candidate datum from arocking surfaceis by
collecting hundreds or even thousands of discrete points from the surface and then modeling the surface
initsprocessor. It must also have datafrom all features that reference the subject DRF. Then, the proces-
sor must evaluate the conformance of the controlled features to various candidate DRFs until it finds a
candidate DRF to which all those features conform.

We mentioned an example part that “teeters under its own weight,” but really, neither standard cites
gravity asacriterion for candidate datums. A part such asthat shownin Fig. 5-83 may be stable under its
own weight, but may rock on the surface plate when downward force is applied away from the center of
gravity. Infact, oneside of any part could belifted to aludicrous angle while the opposite edge still makes
one- or two-point contact with the simulator. Recognizing this, the Math Standard added a restriction
saying (roughly simplified) that for a qualified candidate datum, the TGC' s contact point(s) cannot all lie
onone“side” of the surface, lessthan one-third of theway in from the edge. (One-third isthe default; the
drawing can specify any fraction.) Thisrestriction eliminates, at |east in most cases, “ optimizations,” such
as shown at the bottom of Fig. 5-83, that might be functionally absurd.
| L -

| DCrawing

Acceptable contact

between part feature
and datum feature
—\ — —__ — —  simulator
Datum Tedture simulator

Unacceptable contact
between part feature
and datum feature
simulator

Figure 5-83 Acceptable and unaccept-

\; Datum feature simulator able contact between datum feature and
datum feature simulator
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This entire “adjusting to an optimum position” scheme is fraught with pitfalls and controversy.
Depending on the inspection method, the optimization may not be repeatable. Certainly, the part will not
achieve the same artificially optimized orientation in actual assembly. For example, a warped mounting
flange might flatten out when bolted down, not only invalidating the DRF to which the part conformed in
inspection, but possibly physically distorting adjacent features as well. It’s fairly certain the designer
didn’t account for arocking datum in his tolerance calculations.

FAQ: Can'twecome up with astandard method for deriving a unique and repeatable datumfrom
arocker?

A: A variety of methods have been proposed, each based on different assumptions about the
form, roughness, rigidity, and function of typical features. But this debate tends to eclipse a
larger issue. A rocking datum feature betrays a failure in the design and/or manufacturing
process, and may portend an even larger disaster in the making. Rather than quarrel over how
to deal with rocking datums, we believe engineers should direct their energiestoward prevent-
ing them. Designers must adequately control the form of datum features. They should con-
sider datum targets (explained below) for cast, forged, sawed, and other surfaces that might
reasonably be expected to rock. Manufacturing engineers must specify processes that will
not produce stepped or tottering datum features. Production people must be sure they pro-
duce surfaces of adequate quality. I nspectorsfinding unstabl e parts shoul d report to produc-
tion and help correct the problem.

5.9.13 Datum Targets

So far, we' ve discussed how a datum is derived from an entire datum feature. TGC (full-feature) datum
simulation demands either a fixture capable of contacting any high points on the datum feature, or sam-
pling the entire datum feature with aprobe. These methods are only practicable, however, wherethe datum
feature is relatively small and well formed with simple and uniform geometry. Few very large datum
features, such as an automobile hood or the outside diameter of arocket motor, mate with other partsover
their entire length and breadth. More often, the assembly interface islimited to one or more points, lines,
or small areas. Likewise, non-planar or uneven surfaces produced by casting, forging, or molding; sur-
faces of weldments; and thin-section surfaces subject to bowing, war ping, or other inherent or induced
distortions rarely mate or function on a full-feature basis. More than just being impracticable and cost
prohibitivein such cases, full-feature simulation could yield erroneousresults. The obvioussolutionisto
isolate only those pertinent points, lines, and/or limited areas, called datum targets, to be used for simu-
|ation. The datum thus derived can be used the same as adatum derived from a TGC. It can bereferenced
alone, or combined with other datumsto construct a DRF.

5.9.13.1 Datum Target Selection

For each “targeted” datum feature, thetype of target used should correspond to thetype of mating feature
or to the desired simulator and the necessary degree of contact, according to the following table.
Multiple target types may be combined to establish a single datum. However, the type(s), quantity,
and placement of datum targets on afeature shall be coordinated to restrain the same degrees of freedom
aswould afull-feature simulator. For example, atargeted primary datum plane requires aminimum of three
noncolinear points, or aline and a noncolinear point, or a single area of sufficient length and breadth.
Whilethe number of targets should be minimized, additional targets may be added as needed to simulate
assembly, and/or to support heavy or nonrigid parts. For example, the bottom side of an automobile hood
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Table 5-6 Datum target types

MATING FEATURE
OR SIMULATOR TYPE TARGET TYPE

spherical or pointed POINT (0-dimensional contact)
“side” of acylinder LINE (1-dimensional contact)
or “knife” edge

flat or elastic “pad” area AREA (2-dimensional contact)

may need six or more small target areas. Unlesstarget locations correspond to mating interfaces, multiple
targets for asingle datum should be spread as far apart as practicable to provide maximum stability.

5.9.13.2 Identifying Datum Targets

First, wherever practicable, the datum feature itself should be identified in the usual way with a“datum
feature” symbol to clarify the DRF origin. As detailed in the following paragraphs, each datum target is
shown on or within the part outling(s) in one or more views. Outside the part outling(s), one “datum
target” symbol isleader directed to each target point, line, and area. Wherethetargetishiddenintheview,
perhaps on the far side of the part, the leader line shall be dashed. The “ datum target” symbol isacircle
divided horizontally into halves. See Figs. 5-8 and 5-84. The lower half always contains the target label,
consisting of the datum feature | etter, followed by the target number, assigned sequentially starting with
1 for each datumfeature. The upper half iseither left blank, or used for defining the size of atarget area, as
described below.

Datum Target Point—A datum target point isindicated by the “target point” symbol, dimensionally
located on adirect view of the surface or on two adjacent viewsif there’ s no direct view. See Fig. 5-85.

Datum Target Line—A datum target lineisindicated by the “target point” symbol on an edge view
of the surface, a phantom line on the direct view, or both. See Fig. 5-85. Thelocation (in one or two axes)
and length of the datum target line shall be directly dimensioned as necessary.

Datum Target Area—A datum target areaisindicated on a direct view of the surface by a phantom
outline of the desired shape with section lines inside. The location (in one or two axes) and size of the
datum target area shall be dimensioned as necessary. See Fig. 5-84(a) and (b). Notice that the diameter
value of the target areais either contained within the upper half of the “datum target” symbol (space
permitting) or leader directed there. Where it’s not practicable to draw a circular phantom outline, the
“target point” symbol may be substituted, asin Fig. 5-84(c).

FAQ: Can the upper half of the “ datumtarget” symbol be used to specify a noncircular area?

A: Nothing in the standard forbidsit. A size value could be preceded by the “square” symbol
instead of the “diameter” symbol. A rectangular area, such as.25 X .50, could also be speci-
fied. The phantom outline shall clearly show the orientation of any noncircular target area.
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Figure 5-85 Datum target application on arectangular part

5.9.13.3 Datum Target Dimensions

The location and size, where applicable, of datum targets are defined with either basic or toleranced
dimensions. If defined with basic dimensions, established tooling or gaging tolerances apply. Such
dimensionsare unconventional inthat they don’t pertain to any measurabl e attribute of the part. They are
instead specifications for the process of datum simulation, in effect saying, “ Simulation for this datum
feature shall occur here.”

On any sampl e part, the datum simulation process may be repeated many timeswith avariety of tools.
For example, the part could be made in multiple machines, each having its own fixture using the datum
targets. The part might then be partially inspected with a CMM that probes the datum feature only at the
datum targets. Final inspection may employ afunctional gage that uses the datum targets. Thus, dimen-
sions and tolerances for a datum target actually apply directly to the location (and perhaps, size) of the
simulator (contacting feature) on each tool, including CMM probe touches. Variations within the appli-
cable tolerances contribute to discrepancies between the DRFs derived by different tools.

FAQ: Wherecan | look up “ established tooling or gaging tolerances” for locating simulators?

A: We're not aware of any national or military standard and it’s unlikely one will emerge. The
traditional rule of thumb—5% or 10% of the feature tolerance—is quite an oversimplification
in this context. (And to which feature would it refer?) While tolerances of controlled features
are certainly afactor in determining target tolerances, there are usually many other factors,
including the form and surface roughness of the datum feature, and the type and size of the
simulator. For example, on aforged surface, the point of contact of a/E1mm spherical simulator

isusually more critical than that of a /#4mm simulator. (Both are common CMM styli.)
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5.9.13.4 Interdependency of Datum Target Locations

InFig. 5-85, threetargeted datum features establish aDRF. Noticethat targetsA1, A2, and A3 arelocated
relativeto datums B and C. Targets B1 and B2 are located relative to datums A and C. Likewise, target C1
is located relative to datums A and B. This interdependency creates no problem for hard tooling that
simulates all three datums simultaneously. However, methods that simulate the datums sequentially en-
counter aparadox: Thetargetsfor any one datum cannot be accurately found until the other two datums
have been properly established. A CMM, for example, may requiretwo or threeiterationsof DRF construc-
tion to achieve the needed accuracy in probing the targets. Even for the simple parallelism callout that
references only datum A, all three datums must be simulated and the entire A|B|C DRF properly con-
structed.

FAQ: Should the parallelism callout in Fig. 5-85 reference all three datums, then, A|B|C?

A: No. Referencing datum B would add an unnecessary degree of restraint to the parallelism
tolerance. An excellent solution isto extend positional tolerancing principles (RFS) to datum
targets. Seesection 11. A feature control frame completewith datum references may be placed

beneath the #1 “datum target” symbol for each datum (for example, A1, B1, and C1). This

method overcomes all the shortcomings of plusand minus coordinate tolerancing, and unam-
biguously controls the locations of all six targets to a common and complete DRF. (In our
example, A|B|C should be referenced for each of the three target sets.) The standard neither
prohibits nor shows this method, so a drawing user might welcome guidance from a brief
general note.

5.9.13.5 Applied to Features of Size

Datum targets may be applied to a datum feature of size for RFS simulation. The simulators shall be
adjustableto contact the feature at all specified targets. Simulators on hard tools shall expand or contract
uniformly while maintaining all other orientation and location relationships relative to each other and to
other datumsin the subject DRF.

Width-Type Feature—Inthetertiary datum slot in Fig. 5-86, simulators C1 and C2 shall expand apart.
Proper simulation isachieved when each simulator contactsthe slot, each isequidistant from datum plane
BY, and each is the specified distances from datum planes A and BX.

Cylindrical Feature—A datum target line or area may be wrapped around a cylindrical feature,
specifying what amounts to a TGC of zero or limited length. Alternatively, datum target points or lines
(longitudinal) may be equally spaced around the feature. For the secondary datum boss in Fig. 5-86,
simulatorsB1, B2, and B3 shall contract inward to trap the feature. A hard tool, perhaps a precision chuck,
shall have aset of three equally spaced simulators (jaws) capable of moving radially at an equal ratefrom
acommon axis. Proper simulation is achieved when each simulator contactsthe boss and each isequidis-
tant from the datum axis.

Poor feature form, orientation, or location may prevent one or more simulators from making contact,
despite obeying all therules. Where, for example, we need to derive aprimary datum from aforged rod, we
may specify target pointsAl, A2, and A3 around oneend, and A4, A5, and A6 around the other end. This
requires all six simulators to contract uniformly. The larger rod end will be trapped securely, while at the
smaller end, never more than two simulators can touch. This yields arocking datum. One solution isto
relabel A4, A5, and A6asB1, B2, and B3, and then establish co-datum A-B. Thisallowsthetwo simulator
sets, A and B, to contract independently of each other, thereby ensuring contact at all six targets.
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FAQ: Can datumtargets be applied to a feature of size on an MMC basis?

A: Nothing in the standard precludesit. We' ve been careful to emphasize that datum targets are
targets for simulation, not necessarily contact. For MMC, a typical hard tool would have

simulators at a fixed diameter or width based on the datum feature’s MM C. With advanced
software, aCMM can easily accommodate MM C and LM C applications. All the DRF displace-
ment principles of section 5.9.9 apply, except that the target set does not comprisea TGC.

5.9.13.6 Applied to Any Type of Feature

Datum targets provide the means for simulating a usable datum from any imaginable type and shape of
feature. With irregular datum features, the designer must carefully assure that all nonadjustable relation-
ships between targets are dimensioned, preferably using just one coordinate system. Any relationship
between targets left undimensioned shall be considered adjustable.

Particularly with acomplex drawing, adrawing user may havetroubleidentifying adatum planeor axis
derived and offset from astepped or irregularly shaped datum feature. In such cases only, it’ spermissible
to attach a*datum feature” symbol to a center line representing the datum.

Stepped Plane—A datum plane can be simulated from multiple surfaces that are parallel but not
coplanar. Datum targets should be defined such that at least one target lies in the datum plane. Offset
distances of other targets are defined with dimensions normal to the datum plane. This also permits
convenient application of profile tolerancing to the part surfaces.

Revolutes—A revoluteisgenerated by revolving a2-D spine (curve) about acoplanar axis. Thiscan
yield acone (where the spineisastraight nonparallel line), atoroid (wherethe spineisacircular arc), or a
vase or hourglass shape. It may be difficult or impossible to define TGCs for such shapes. Further, full-
feature datum simul ation based on nominal or basic dimensions may not achievethedesiredfit or contact.
Where arevolute must be referenced as a datum feature, it’sagood ideato specify datum targets at one
or two circular elements of the feature. At each circular element, atriad of equally spaced datum target
pointsor lines, or asingle circular target “line” may be used.

Fig. 5-87 shows adatum axis derived from achicken egg. Targets A1, A2, and A3 are equally spaced
on afixed A1.250 basic circle. These simulators neither expand nor contract relativeto each other. Targets
B1, B2, and B3 are likewise equally spaced on a fixed A1.000 basic circle. The drawing implies basic
coaxiality and clocking between the two target sets. However, the distance between the two sets is
undimensioned and therefore, adjustable. This distance shall close until contact occurs at all six targets
and the egg isimmobilized. In the positional tolerance feature control frame for the egg’ s £ 250 observa-
tion port (peephole), co-datum axis A-B isreferenced RFS (see section 5.9.14.2). The .500 basic dimension
for the observation hole originates from the plane of the datum A target set.

Fig. 5-88 shows one possible setup for drilling the observation hole. Despite the egg’ sfrailty, we've
chosen pointed simulators over spherical onesto assurethat contact alwaysoccurs at the specified basic
diameters. SimulatorsA1, A2, and A3 areaffixed to the* stationary” jaw of aprecisionvise. SimulatorsB1,
B2, and B3 are attached to the “movable” visejaw. “ Stationary” and “movable” are alwaysrelative terms.
In this case, mobility isrelative to the machine spindle.

To simulate the egg’ s datum axis at MMC, a basic or toleranced dimension shall be added for the
distance between the two triads of targets. Thetargets arelabeledAl through A6 and establish datum axis
A (where A is any legal identifying letter). Since none of the simulators would be adjustable in any
direction, the egg can rattle around between them. (On ahard tool, one or more simulators would haveto
be removableto let the egg in and out.)
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Math-Defined Feature—Datum targets can be placed on radii, spherical radii, and any type of nomi-
nally warped planar surface. The desired datum planes can establish acoordinate system for defining the
location of eachtargetin 3-D space. In somecases, it may besimpler if every target isoffset from the datum
planes.

Bounded Feature—All the above principles can apply.

5.9.13.7 Target Set with Switchable Precedence

In Fig. 5-89, datum B is the primary datum for a parallelism tolerance, so we've identified the minimum
necessary target points, B1, B2, and B3. However, in the other DRF, A|B|C, datum B is the secondary
datum. Here, we only need and want to use points B1 and B2. On avery simple drawing, such asours, a
note can be added, saying, “ IN DATUM REFERENCE FRAME A|B|C, OMIT TARGET B3.” Onamore
complex drawing, atablelikethe one below could be added. Theright column can list either targetsto use
or targets to omit, whichever issimpler.

IN DATUM

REFERENCE FRAME OMIT TARGET(S)
AlB|C B3

BIA A3

DIEF E3, F2, F3



5-100 Chapter Five

NCGTE 1= IN DATUM REFERENCE FRAME AJB{C, OMIT TARGET B3 2373
12750 2023

(4771

» -

&0 | I

> \ \@
LT \d\ &L [T

Figure 5-89 Target set with switchable datum precedence

5.9.14 Multiple Features Referenced as a Single Datum Feature

In some cases, multiple features can be teamed together and treated as a single datum feature. Thisisa
frontier of datuming, not fully devel oped in the standards. When referencing multiplefeaturesin thisway,
designersmust be extremely careful to understand the exact shapes, sizes (where applicable), and interre-
| ationships of the TGC(s); simulation tools that might be used; and the exact degrees of freedom arrested.
If any of these considerations won't be obvious to drawing users, the designer must explain them in a
drawing note or auxiliary document.

5.9.14.1 Feature Patterns

While discussing Fig. 5-54, we said the cylinder head’ s bottom face is an obvious choice for the primary
datum feature. The two dowel holes are crucial in orienting and locating the head on the block. One hole
could be the secondary datum feature and the other tertiary, but the holes would then have unequal
specifications requiring unequal treatment. Such datum precedence is counterintuitive, since both holes
play exactly equal rolesin assembly. Thisis an example where a pattern of features can and should be
treated as a single datum feature. Rather than asingle axis or plane, however, we can derive two perpen-
dicular datum planes, both oriented and |ocated relative to the holes.

Fig. 5-90 showsjust three of many optionsfor establishing theorigin from our pattern of dowel holes.
The designer must take extra care to clarify the relationship between a datum feature pattern and the
origins of the coordinate system derived therefrom.

Fig. 5-91 shows afeature pattern referenced as a single datum feature at MM C. Rather than asingle
TGC, the datum B reference establishes a pattern or framework of multiple, identical, fixed-size TGCs.
Within this framework, the orientation and location of all the TGCs are fixed relative to one another
according to the basic dimensions expressed on the drawing. As the figure's lower portion shows, two
perpendicular planes are derived, restricting all three remaining degrees of freedom. For discussion pur-
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poses, we' ve label ed the intersection of these planes“datum axis B.” Since each individual featurein the
pattern clears its respective TGC, DRF displacement is possible, including rotation about datum axis B,
and translation in any direction perpendicular to datum axis B. The rules for simultaneous requirements
arethe same asif datum feature B were asingle feature.

FAQ: Can adatum feature pattern bereferenced at LMC or RFS?

A: At LMC, yes, but this will require softgaging. The datum feature simulator is a set of virtual
fixed-size TGCs. For RFS, the simulator should be aset of adjustable TGCs, each expanding or
contracting to fit itsindividual feature. But differences among the size, form, orientation, and
location of individual features raise questions the standards don’t address. Must the TGCs
adjust simultaneously and uniformly? Must they all end up the same size? In such arare
application, the designer must provide detail ed i nstructionsfor datum simulation, becausethe
standards don'’t.
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5.9.14.2 Coaxial and Coplanar Features

Fig. 5-131 showsanother example of separate features—thistime, two bearing journals—that have exactly
egual rolesin orienting and locating the shaft in assembly. Again, to give one feature precedence over the
other seems inappropriate. Here, however, the features are not the same size, and can’t be considered a
feature pattern.

The solution is to identify each datum feature separately, but include both identifying lettersin a
single datum reference, separated by ahyphen. It doesn’t matter which letter appearsfirst in the compart-
ment, since neither datum feature has precedence over the other.

Rather than asingle TGC, a hyphenated co-datum reference establishes a pair of perfectly coaxial or
coplanar TGCs (depending on the feature types). In our example, datum features A and B are both refer-
enced RFS. Their TGCs are coaxial actual mating envelopes that shall contract independently until each
makes a minimum of two-point contact, jointly arresting four degrees of freedom. Hyphenated co-datum
features are usually the sametype of feature, with matching material conditions, and thus, matching TGC
types. But not necessarily. The principle is equally applicable at MMC, LMC, or any pairing of material
conditions.

FAQ: How can this simulation scheme work if the two datum features are badly eccentric?

A: The simulation will still work, but the part might not. Deriving meaningful datums (and DRFs,
for that matter) from multiple features always demands careful control (using GD&T) of the
orientation and | ocation relationships between theindividual datum features. For our example
shaft, section 5.12.4 and Fig. 5-132 describe an elegant way to control coaxiality between the
two bearing journals.

5.9.15 Multiple DRFs

On larger and/or more complicated parts, it may be impractical to control all features to a single DRF.
Where features have separate functional relationships, relating them to the same DRF might be unneces-
sarily restrictive. Multiple DRFs may be used, but only with great care. Designerstypically use too many
datums and different DRFs, often without realizing it. Remember that any difference in datum references,
their order of precedence, or their material conditions, constitutes a separate DRF. The tolerances con-
necting these DRFs start stacking up to where the designer quickly loses control of the part’s overall
integrity. A good way to prevent thisand to unify the design isto structure multiple DRFs as atree. That
means controlling the datum features of each “branch” DRF to acommon “trunk” DRF.

5.10 Orientation Tolerance (Level 3 Control)

Orientation is afeature’ sangular relationship to a DRF. Anorientation tolerance controlsthisrelation-
ship without meddling in location control. Thus, an orientation toleranceis useful for relating one datum
feature to another and for refining the orientation of a feature already controlled with a positional toler-
ance.

5.10.1 How to Apply It

An orientation toleranceis specified using afeature control frame displaying one of the three orientation
characteristic symbols. See Fig. 5-92. The symbol used depends on the basi ¢ orientation angle, asfollows.
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0° or 180°—“parallelism” symbol
90° or 270°—* perpendicul arity” symbol
any other angle—"angularity” symbol

All three symbolswork exactly the same. Theonly differenceisthat wherethe“angularity” symbol is
used, abasic angle shall be explicitly specified. Where the “ parallelism” or “perpendicularity” symbol is
used, the basic angle isimplied by adrawing view that shows the parallel or perpendicular relationship.
Though asingle generic “orientation” symbol has been proposed repeatedly, most users prefer separate
symbolsfor parallelism and perpendicularity because each tells the whole story at a glance. The feature
control frame includes the orientation tolerance value followed by one or two datum references.

| [.008|Al
//1.01A

Drawing

Figure 5-92 Application of orientation
tolerances

5.10.2 Datums for Orientation Control

Orientation control requiresa DRF. A primary datum plane or axis always establishes rotation about two
axes of the DRF and is usually the only datum reference needed for orientation control. There are cases
whereit’ s necessary to establish rotation about the third axis aswell and a secondary datum referenceis
needed. Sometimes, a secondary datum is needed to orient and/or locate a tolerance zone plane for
controlling line elements of afeature. In other cases, hyphenated co-datums (see section 5.9.14.2) may be
used to arrest rotation. Since all threerotational degrees of freedom can be arrested with just two datums,
atertiary datum is usually meaningless and confusing.

5.10.3  Applied to a Planar Feature (Including Tangent Plane Application)

Any nominally flat planar feature can be controlled with an orientation tolerance. Fig. 5-93 shows the
tolerance zone bounded by two parallel planes separated by a distance equal to the tolerance value. The
surface itself shall be contained between the two parallel planes of the tolerance zone. Form deviations
including bumps, depressions, or wavinessin the surface could prevent its containment. Thus, an orien-
tation tolerance applied to a plane also controls flatness exactly the same as an equal flatness tolerance.
In a mating interface, however, depressions in the surface may be inconsequential. After all, only the
surface’ sthree highest points are likely to contact the mating face (assuming the mating face is perfectly
flat). Here, we may want to focus the orientation control on only the three highest or tangent points,
excluding all other points on the surface from the tolerance. We do this by adding the “tangent plane”
symbol (acircled T) after the tolerance value in the feature control frame. See Fig. 5-94. Now, only the
perfect plane constructed tangent to the surface’s three highest points shall be contained within the
tolerance zone. Since it’s acceptable for lower surface points to lie outside the zone, there' s no flatness
control.
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Figure 5-93 Tolerance zones for Fig. 5-92

The validity of “tangent plane” orientation control depends on the surface having exactly three
noncolinear pointsthat rise abovetherest, allowing construction of exactly onetangent plane. Any other
condition allows multiple candidate tangent planes to be constructed—a catastrophe not addressed by
any standard. The method al so assumes the mating face will be perfectly flat. If it too has three outstand-
ing points, it's unlikely that contact will occur in either surface’s tangent plane. Be careful with the
“tangent plane” symbol.

For a width-type feature of size, Rule #1 automatically limits the parallelism of each surface to the
other. Thus, aseparate orientation tolerance meant to control parallelism between thetwo surfaceswon't
have any effect unlessit’ slessthan the total sizetolerance.
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‘\; Figure 5-94 Application of tangent
TGC plane control



5-106 Chapter Five

5.10.4  Applied to a Cylindrical or Width-Type Feature

Where an orientation tolerance feature control frameis placed according to options (a) or (d) in Table 5-1
(associated with adiameter or width dimension), thetol erance control sthe orientation of the cylindrical or
width-type feature. Where the tolerance is modified to MMC or LMC, it establishes a Level 3 virtua
condition boundary asdescribedin section 5.6.3.2 and Figs. 5-17(c) and 5-18(c). Alternatively, the” center
method” described in section 5.6.5.1 may be applied to an orientation toleranceat MM C or LM C. Unmodi-
fied, the tolerance applies RFS and establishes a central tolerance zone as described in section 5.6.4.1,
withinwhichthefeature’ saxisor center planeshall be contained. SeeFig. 5-95. Appliedto afeature of size,
the orientation tolerance provides no form control beyond Level 2.

Fig. 5-95 shows the center plane of a slot contained within a central parallel-plane tolerance zone
(“center method”). Y 14.5 aso allows the orientation of an axis to be controlled within a parallel-plane
tolerance zone. Since thiswould not prevent the axis from revolving like a compass needle between the
two parallel planes, such an application usually accompanies alarger positional tolerance. In Fig. 5-96, a
“diameter” symbol precedes the angulation tolerance value. Here, the central tolerance zone is bounded
by acylinder having a diameter equal to the tolerance value. This control is more like a positional toler-
ance, except the orientation zone is not basically located from the datums.

.25%.03
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45°
Feature
TGC center plane

Figure 5-95 Applying an angularity tolerance to a width-type feature
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Figure 5-96 Applying an angularity tolerance to a cylindrical feature

A positional tolerance also controls orientation for afeature of size to the same degree as an equal
orientation tolerance. Thus, for any feature of size, an orientation tolerance equal to or greater than its
positional tolerance is meaningless. Conversely, where the designer needs to maximize positional toler-
ancewhile carefully protecting orientation, agenerous positional tolerance can be teamed up with amore
restrictive orientation tolerance.

5.10.4.1 Zero Orientation Tolerance at MMC or LMC

Wherethe only MM C design consideration isaclearancefit, there may be no reason for thefeature sSMMC
sizelimit to differ from its Level 3 virtual condition. In such a case, we recommend stretching the MMC size
limit to equal the MM C virtual condition size and reducing the orientation tolerance to zero as described in
section 5.6.3.4. In LM C applications, aswell, a zero orientation tolerance should be considered.

5.10.5 Applied to Line Elements

Where aprofiled surface performsacritical function, it's sometimes necessary to control itsorientation to
aDRF. For the cam surface shown in Fig. 5-97, the 3-D control imposed by aparallel-planestol erance zone
is inappropriate because the surface isn’'t supposed to be flat. Here, we want to focus the orientation
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toleranceonly onindividual cross sections of the surface, one at atime. We do thisby adding anote such
asEACH ELEMENT or EACH RADIAL ELEMENT adjacent to the orientation feature control frame.
This specifiesatolerance zone plane containing atol erance zone bounded by two parallel lines separated
by a distance egqual to the tolerance value. As the tolerance zone plane sweeps the entire surface, the
surface’s intersection with the plane shall everywhere be contained within the tolerance zone (between
thetwo lines). Within the plane, thetol erance zone’ slocation may adjust continuously to the part surface
while sweeping, but its orientation shall remain fixed at the basic angle relative to the DRF. Thistype of
2-D control alows unlimited surface undulation in only one direction.

Of a Surface Congtructed About a Datum Axis—The note EACH RADIAL ELEMENT adjacent to
the feature control frame means the tol erance zone plane shall sweep radially about adatum axis, always
containing that axis. If theorienting (primary) datum doesn’t provide an axis of revolution for thetolerance
zoneplane, asecondary datum axis shall bereferenced. Notethat within therotating tolerance zone plane,
the tolerance zone' slocation may adjust continuously.

Of a Profiled Surface—Whereonly aprimary datum isreferenced, asin Fig. 5-97, thetolerance zone
plane shall sweep all around the part, always basically oriented to the datum, and always normal (perpen-
dicular) to the controlled surface at each location. Where asecondary datum isreferenced, thetolerance
zone plane shall instead remain basically oriented to the complete DRF asit sweeps.
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5.10.6 The 24 Cases

So far, in this section we' ve described the following:
* Four different types of orientation tolerance zone containments (* center method”)
* Plane (feature surface, tangent, or center) between two parallel planes
* Axisbetween two paralel planes
* Axiswithinacylinder
* Lineeement between two paralel lines
* Two typesof primary datumsfor orientation
* Plane
* Axis
* Three orientation tolerance symbols
* Pardldism (0° or 180°)
* Perpendicularity (90° or 270°)
* Angularity (any other angle)

These components can be combined to create 24 (4 x 2 x 3) different fundamental applications (or
“cases”) of orientation tolerance, illustrated in Fig. 5-98. In many cases, a secondary datum may be added
for additional control. Theillustrated parts are simplified abstracts, meant to show only the orientation
control. On real parts, the orientation tolerances often accompany positional or profile tolerances.

5.10.7 Profile Tolerance for Orientation

Aswe'll seein Section 13, asingle profiletolerance can control the size, form, orientation, and | ocation of
any feature, depending onthefeature’ stype and the completeness of thereferenced DRF. Whereaprofile
tolerance already establishesthe “size” and shape of afeature, incorporating orientation control may be
as simple as adding another datum reference or expanding the feature control frame for composite profile
control. Otherwise, it’s better to use one of the dedicated orientation symbols.

5.10.8 When Do We Use an Orientation Tolerance?

Most drawings have atolerance block or a general note that includes default plus and minus tolerances
for angles. This default tolerance applies to any angle explicitly dimensioned without a tolerance. The
angle between the depicted features shall be within the limits established by the angle dimension and the
default angletolerance. Thedefault tolerance can be overridden by attaching agreater or |esser tolerance
directly to an angle dimension. Either way, since neither feature establishes a datum for the other, the
angular control between the featuresis reciprocal and balanced. The same level of control occurs where
center lines and/or surfaces of part features are depicted on adrawing intersecting at right angles. Here,
an implied 90° angle is understood to apply along with the default plus and minus angle tolerances. As
before, there is no datum hierarchy, so all affected angular relationships are mutual .

The type of plus and minus angle tolerances just described does not establish a tolerance zone,
wedge shaped or otherwise, to control the angulation of either feature. Be careful not to misinterpret
Y 14.5' sFig. 2-13, which shows awedge-shaped zone controlling thel ocation of aplanar surface. Because
it's still possible for the surface to be angled out of tolerance within the depicted zone, the “MEANS
THIS portion of the figure adds the note, itsangle shall not belessthan 29°30' nor morethan 30°30'.
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Now, let’s consider adifferent case, illustrated in Fig. 5-99, where two planar features intersect at an
angle controlled with plus and minustolerances and location is not an issue. For the sake of discussion,
we'll attach the “dimension origin” symbol to the extension line for one surface, ostensibly making it a
“quasi-datum” feature and the other a*“ controlled” feature. We'll suppose the “controlled” feature shall
be contained within somewedge-shaped tol erance zone. Without arulefor locating itsvertex (aline), such
azonewould be meaningless. For example, if we could locate the vertex amile away from the part, the zone
could easily contain the “ controlled” feature, the whole part, and probably the whole building! Sincethe
standards are mute on all this, let’ s be reasonabl e and suppose the vertex can be located anywherein our
supposed “datum plane,” aswe've shown in the lower portion of the figure.

4547

Drawing

q

Part

Figure 5-99 Erroneous wedge-shaped
tolerance zone

Now here's the problem: Approaching the vertex, the width of our wedge-shaped tolerance zone
approaches zero. Of course, even arazor edge has a minute radius. So we can assume that because of an
edgeradius, our “controlled” featurewon’t quite extend all theway to the vertex of thetolerance zone. But
depending onthe“size” of theradiusand theangular tolerance, the zone could be only afew micronswide
at the“controlled” feature’ sedge. Thus, the“ controlled” feature’ sline elementsparallel to the vertex shall
be straight within those few microns, and angularity of the feature shall likewise approach perfection.
Those restrictions are absurd.

Thus, even with a “dimension origin” symbol, a plus and minus angle tolerance establishes no
defensible or usable tolerance zone for angulation. Instead, the tolerance applies to the angle measured
between the two features. Imperfectionsin feature form complicate the measurement, and different align-
ments of the measuring scale yield different measurements. Unfortunately, the standards provide no
guidancein either area. Despite these limitations, plus and minus angle tolerances are often sufficient for
noncritical relationships where inspectors can be trusted to come up somehow with adequately repeat-
able and reproducible measurements.
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Where afeature’ s orientation is more critical and the above methods are too ambiguous, an orienta-
tion tolerance feature control frame should be applied. Intheory, datum simulation methods can accommo-
date out-of-sgquareness between datum featuresin aDRF. However, datum simulation will be more repeat-
able and error free where squareness of the secondary and tertiary datum features has been carefully and
directly controlled to the higher-precedence datum(s).

Aswe'll seeinthefollowing sections, positional and profiletolerances automatically control feature
orientation. But often, a generous positional or profile tolerance must be accompanied by a more strict
orientation tolerance to assure functionality.

511 Positional Tolerance (Level 4 Control)

Inthe past, it was customary to control the location of afeature on a part by specifying for each direction
anominal dimension accompanied byplusand minustolerances. In Fig. 5-100, the measured holelocation
shall be 1.625 + .005 from the end of the shaft. Since the holeisdrawn on the center line of the shaft, we
know it must be well centered. But plus or minus how much? Let’s assume the tolerance for centrality
should match that for the 1.625 length. In effect, then, the axis of the hole shall lie within a.010" x .010"
square box. Such a“square box” tolerance zonerarely representsthe true functional requirements. Chap-
ter 3 further elaborates on the shortcomings ofplus and minus tolerances for location. The standards
neither explain nor prohibit this method, but Y 14.5 expresses a clear preference for its own brand of
positional tolerance to control the orientation and location of one or more features of size, or in some
cases, bounded features, relative to a DRF. A positional tolerance provides no form control beyond
Leve 2.

Oy
8

1.625+.005 Figure 5-100 Controlling the location of
) ' afeature with a plus and minus tolerance

5.11.1 How Does It Work?

A positional tolerance may be specified in an RFS, MMC, or LMC context.

At MMC or LMC—Where modified to MMC or LMC, the tolerance establishes a Level 4 virtual
condition boundary as described in section 5.6.3.3 and Figs. 5-17(d) and 5-18(d). Remember that the
virtual condition boundary and the corresponding size limit boundary differ in size by an amount equal to
the positional tolerance. In section 5.6.3.4, we discuss the advantages of unifying these boundaries by
specifying a positional tolerance of zero. A designer should always consider this option, particularly in
fastener applications.

At RFS—Unmodified, the tolerance applies RFS and establishes a central tolerance zone as de-
scribed in section 5.6.4.1, within which the feature’ s center point, axis, or center plane shall be contained.

Alternative“ Center Method” for MMC or LM C—Where the positional tolerance appliesto afea-
tureof sizeat MMC or LMC, the alternative “ center method” described in section 5.6.5.1 may be applied.

For any feature of size, including cylindrical, spherical, and width-type features, a virtual condition
boundary and/or derived center element is easily defined, and positional tolerancing isreadily applicable.
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Positional tolerancing can also be applied to a bounded feature for which an MMC or LMC virtual
condition boundary can be defined relative to size limit and/or profile tolerance boundaries.

FAQ: Can positional tolerancing be applied to a radius?

A: No. Neither virtual condition boundaries nor central tolerance zones can be used to control
the orientation or location of aradius or aspherical radius. Thereare no definitionsfor MMC,
LMC, axis, or center point for these nonsize features.

5.11.2 How to Apply It

A positional tolerance is specified using a feature control frame displaying the “position” characteristic
symbol followed by a compartment containing the positional tolerance value. See Fig. 5-9. Within the
compartment, the positional tolerance valuemay befollowed by an MM C or LM C modifying symbol. Any
additional modifiers, such as “statistical tolerance,” and/or “projected tolerance zone” follow that. The
tolerance compartment isfollowed by one, two, or three separate compartments, each containing adatum
reference letter. Within each compartment, each datum reference may be followed by an MMC or LMC
modifying symbol, as appropriate to the type of datum feature and the design.

For each individual controlled feature, a unique true position shall be established with basic dimen-
sionsrelative to aspecified DRF. True positionisthenominal or idal orientation and |ocation of thefeature
and thus, the center of thevirtual condition boundary or positional tolerance zone. The basic dimensions
may be shown graphically on the drawing, or expressed in table form either on the drawing or in a
document referenced by the drawing. Figs. 5-101 and 5-102 show five different methods for establishing
true positions, explained in the following five paragraphs.

@450 |
2X @125 |
2] EY AR '

Figure 5-101 Methods for establishing true positions
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Figure 5-102 Alternative methods for
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Base line dimensioning—~For each of the two A.125 holes shown in Fig. 5-101, a basic dimension
originatesfrom each plane of the DRF. Manufacturers prefer thismethod becauseit directly providesthem
the coordinates for each true position relative to the datum origin. CMM inspectionissimplified, using a
single 0,0 origin for both holes.

Chain dimensioning—In Fig. 5-101, abasic dimension of 1.565 locates the upper ££250 holedirectly
from the center plane. However, thelower A£250 holeislocated with a3.000 basic dimension from thetrue
position of the upper hole. Peopl e often confuse the 3.000 basic as originating from the actual axis of the
upper hole, rather than fromitstrue position. A manufacturer needing the coordinate of thelower holewill
haveto calculateit:1.565 - 3.000 =- 1.445. Orisit- 1.435?

Implied symmetry dimensioning—In many cases, the applicable basic dimensions are implied by
drawing views. In Fig. 5-101, thetrue positions of the two 4375 holes have asingle 2.000 basic dimension
between them, but no dimension that relates either hole to the planes of the DRF. Since the holes appear
symmetrical about the center plane of the DRF, that symmetrical basic relationship isimplied.

Implied zero-basic dimensions—The view impliesthe relationship of the A500 holeto the planes of
the DRF as represented by the view’s center lines. Obviously, the hole’s basic orientation is 0° and its
basic offset from center is 0. These implied zero-basic values need not be explicated.

Polar coordinate dimensioning—Rather than by “rectangular coordinates’ corresponding to two
perpendicular axes of the DRF, the true positions of the eight £625 holes shown in Fig. 5-102(a) are
defined by polar coordinates for angle and diameter. The A25.000 “bolt circle” isbasically centered at the
intersection of the datum planes, and the two 45° basic angles originate from a plane of the DRF. Figs. 5-
102(b) and (c) show alternative approaches that yield equivalent results, based on various methods and
fundamental rules we' ve presented.

All the above methods are acceptable. Often, a designer can choose between base line and chain
dimensioning. While both methods yield identical results, we prefer base line dimensioning even if the
designer hasto make some computationsto express all the dimensions originating from the datum origin.
Doing so once will preclude countless error-prone cal cul ations down the road.

5.11.3 Datums for Positional Control

One of the chief advantages of aGD& T positional tolerance over plusand minus coordinatetolerancesis
its relationship to a specific DRF. Every positional tolerance shall reference one, two, or three datum
features. The DRF need not restrain all six degrees of freedom, only those necessary to establish aunique
orientation and location for true position. (Degrees of freedom are explained in section 5.9.7.) For example,
the DRF established in Fig. 5-103 restrains only four degrees of freedom. The remaining two degrees,
rotation about and translation along the datum axis, have no bearing on the controlled feature’'s true
position. Thus, further datum references are meaningless and confusing.
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For many positional tolerances, such asthose shownin Fig. 5-104, the drawing view makesit quite
obvious which part features are the origins, even if they weren't identified as datum features and refer-
enced in thefeature control frame. Beforethe 1982 revision of Y 14.5,implied datumswererecognized and
not required to be explicitly referenced in such cases. In Fig. 5-104, although we all may agree the part’s
left and lower edges are clearly datum features, we might disagree on their precedencein establishing the
orientation of the DRF. In another example, where a part has multiple coaxial diameters, it might be
obvious to the designer, but very unclear to the reader, which diameter is supposed to be the datum
feature. For thesereasons, Y 14.5 no longer allowsimplied datums; the savingsin plotter ink aren’t worth
the confusion.

A datum feature of size can be referenced RFS (the default where no modifier symbol appears), at
MMC, or at LMC. Section 5.6.7 discusses modifier choices. When MMC or LMC is selected, the DRF is
not fixed to the part with a unique orientation and location. Instead, the DRF can achieve a variety of
orientations and/or locations relative to the datum feature(s). The stimulating details of such allowable
“DREF displacement” are bared in section 5.9.9.

5.11.4 Angled Features

Positional tolerancing is especially suited to angled features, such as those shown in Fig. 5-105. Notice
how the true position for each angled feature is carefully defined with basic lengths and angles relative
only to planes of the DRF. In contrast, Fig. 5-106 shows a common error: The designer provided abasic
dimension to the point where the hol €’ strue position axisintersects the surrounding face. Thus, thetrue
position is established by afacethat’ s not adatum feature. Thisisan example of animplied datum, which
isno longer allowed.

5.115 Projected Tolerance Zone

A positional tolerance, by default, controls afeature over its entire length (or length and breadth). This
presumes the feature has no functional interface beyond its own length and breadth. However, in Fig.
5-107, apinispressed into the controlled hole and expected to mate with another holeinacover plate. The
mating feature is not the pin hole itself, but rather the pin, which represents a projection of the hole.
Likewise, the mating interface is not within the length of the pin hole, but above the hole, within the
thickness of the cover plate.
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Figure 5-107 Specifying a projected
tolerance zone

If the pin holewere perfectly perpendicular to the planar interface between the two parts, therewould
be no difference between the location of the hole and the pin. Any angulation, however, introduces a
discrepancy in location. This discrepancy is proportional to the length of projection. Thus, directly
controlling the location of the pin hole itself isinadequate to assure assemblability. Instead, we need to
control the location of the hole’ sprojection, which could be thought of as a phantom pin. Thisisaccom-
plished with a positional tolerance modified with a projected tolerance zone.

A projected tolerance zoneis specified by placing the* projected tolerance zone” symbol (acircled P)
after the tolerance value in the position feature control frame. This establishes a constant-size central
tolerance zone bounded either by two parallel planes separated by a distance equal to the specified
tolerance, or by a cylinder having a diameter equal to the specified tolerance. For blind holes and other
applications where the direction of projection is obvious, the length of projection may be specified after
thesymbol inthefeature control frame. Thismeansthe projected tol erance zone terminates at the part face
and at the specified distance from the part face (away from the part, and parallel to thetrue position axisor
center plane). The projection length should equal the maximum extension of the mating interface. In our
pin and cover plate example, the projection length must equal the cover plate’ s maximum thickness, .14.
Where necessary, the extent and direction of the projected tolerance zone are shown in adrawing view as
adimensioned value with aheavy chain line drawn next to the center line of the feature, asin Fig. 5-108.
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At RFS—The extended axis or center plane of the feature’s actual mating envelope (as defined in
section 5.6.4.2) shall be contained within the projected tolerance zone.

At MM C—The extended axis or center plane of the feature’ s applicable Level 2 MMC perfect form
boundary (as defined in section 5.6.3.1) shall be contained within the projected tolerance zone. See Fig.
5-109. Asthe feature's size departs from MMC, the feature fits its MMC perfect form boundary more
loosely. Thispermitsgreater deviationinthefeature’ sorientation and/or location. A hol€ sdeparturefrom
MM C permits assembly with amating pin having its axis anywhere within aconical zone. The alternative
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“center method” described in section 5.6.5.1 cannot be used for a projected tolerance zone. Its “bonus
tolerance” would simply enlarge the projected tolerance zone uniformly along its projected length, failing
to emulate the feature’ s true functional potential.

At LM C—The extended axis or center plane of thefeature’s Level 2 LMC perfect form boundary (as
defined in section 5.6.3.1) shall be contained within the projected tolerance zone. As the feature’s size
departs from LMC, the feature fits its LMC perfect form boundary more loosely. This permits greater
deviation in the feature’ s orientation and/or location. The alternative “ center method” described in sec-
tion 5.6.5.1 cannot be used for a projected tolerance zone.
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5.11.6 Special-Shaped Zones/Boundaries

We stated that a “ square box” tolerance zone rarely represents afeature’ s true functional requirements,
and that the shape of a positional tolerance zone usually corresponds to the shape of the controlled
feature. There are exceptions, however, and GD& T has been made flexible enough to accommodate them.

5.11.6.1 Tapered Zone/Boundary

Wherearelatively long or broad feature of size hasdifferent location requirementsat opposite extremities,
a separate positional tolerance can be specified for each extremity. This permits maximization of both
tolerances. “ Extremities’ aredefined by nominal dimensions. Thus, for the blind hole shownin Fig. 5-110,
the ££010 tolerance applies at the intersection of the hole’s true position axis with the surrounding part
face (Surface C). The A.020 tolerance applies.750 (interpreted as basic) below that.

At MMC or LMC—The tolerances together establish a Level 4 virtual condition boundary as de-
scribed in section 5.6.3.3 and Figs. 5-17(d) and 5-18(d), except that in this case, the boundary isafrustum
(acone or wedge with the pointy end chopped off). Thevirtual condition size at each end derivesfromthe
regular applicable formulaand applies at the defined extremity.
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At RFS—Unmodified, thetolerances apply RFS and establish a central tolerance zone bounded by a
conical or wedge-shaped frustum, within which the feature’ s axis or center plane shall be contained. The
specified tolerance zone sizes apply at the defined extremities. See Fig. 5-110.

Alternative” Center Method” for MM C or LM C—Where modified to MMC or LMC, thetolerances
may optionally be interpreted as in an RFS context—that is, they establish a central tolerance zone
bounded by a conical or wedge-shaped frustum, within which the feature’ s axis or center plane shall be
contained. However, unlike in the RFS context, the size of the MMC or LMC tolerance zone shall be
enlarged at each defined extremity by a single “bonus tolerance” value, derived according to section
5.6.5.1.

5.11.6.2 Bidirectional Tolerancing

A few features have different positional requirementsrelativeto different planes of the DRF. Wherethese
differencesare slight, or where even the lesser tolerance isfairly generous, the more restrictive value can
be used in an ordinary positional tolerance. In most cases, the manufacturing process will vary nearly
equally inall directions, so an extra.001" of toleranceinjust onedirectionisn’t much help. However, where
the difference is significant, a separate feature control frame can be specified for each direction. Y 14.5
callsthis practice bidirectional tolerancing. It can be used with acylindrical feature of size located with
two coordinates, or with aspherical feature of size located with three coordinates.

Each bidirectional feature control frame may be evaluated separately, just asif each controls a sepa-
rate feature of size. However, as with separate features, rules for simultaneous or separate regquirements
apply (see section 5.9.10). By convention, the “diameter” symbol (4) is not used in any bidirectional
feature control frames. The exact meanings of bidirectional tolerances are deceivingly complex. They
depend on whether true position is defined in arectangular or polar coordinate system, and on whether
the tolerances apply in an RFS, MMC, or LMC context.

In a Rectangular Coordinate System—Fig. 5-111 shows a coupling ball located with rectangular
coordinates in three axes. Each of the three separate feature control frames constrains the ball’ slocation

! S@.475+.015

Figure 5-111 Bidirectional positional
tolerancing, rectangular coordinate
system
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relative only to the DRF planethat is perpendicular to the dimension line. The .020 tolerance, for example,
applies only to the .500 BASIC coordinate, relative to the horizontal plane of the DRF.

At MMC or LMC (Rectangular)—Each positional tolerance establishes a tolerance plane perpen-
dicular to its dimension line. Each tolerance plane contains the center point (or axis, for acylinder) of a
Level 4virtual condition boundary asdescribedin section 5.6.3.3. However, withinthisplane, thelocation
(and for acylinder, orientation) of the boundary center is unconstrained. Thus, by itself, each tolerance
would permit the controlled feature to spin and drift wildly within itstolerance plane. But, the combined
restraints of three (or two, for acylinder) perpendicular tolerance planes are usually adequate to control
the feature' stotal location (and orientation, for a cylinder).

The virtual condition boundaries for a shaft at MM C are external to the shaft. As each cylindrical
boundary spins and drifts within its tolerance plane, it generates an effective boundary of two parallel
planes. Theintersection of these parallel-plane boundariesis afixed size rectangular box at true position.
See Fig. 5-112. Thus, asingle functional gage having afixed rectangular cutout can gauge both bidirec-
tional positional tolerancesin asingle pass. The sameis not true where the virtual condition boundaries
areinternal to ahole at MMC, since a hole cannot contain parallel-plane boundaries.

At RFS (Rectangular)—Unmaodified, each positional tolerance applies RFS and specifies a central
tolerance zone bounded by two parallel planes separated by a distance equal to the specified tolerance.
The intersection of these parallel-plane tolerance zones is a rectangular box centered at true position,
within which the feature' s axis or center point shall be contained. See Fig. 5-113.

Alternative“ Center Method” for MM C or LM C (Rectangular)—Where modifiedto MMC or LMC,
both tolerances may optionally be interpreted asin an RFS context—that is, each establishes a central
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tolerance zone bounded by apair of parallel planes, within which thefeature’ saxisor center point shall be
contained. However, unlike in the RFS context, the size of each MMC or LMC tolerance zone shall be
enlarged by asingle “bonustolerance” value, derived according to section 5.6.5.1.

InaPolar Coordinate System—Fig. 5-114 showsaholelocated with polar coordinates, onefor radius
and one for angle. The .020 tolerance constrains the hole's location relative only to the R.950 basic
coordinate—in effect, itsradial distancefrom the DRF origin point. The.010 tolerance constrainsthe hole
relative only to a center plane rotated 47° basic relative to the DRF plane.

At MMC or LMC (Polar)—Inthistype of application, no virtual condition boundary is defined, dueto
problemsin defining its restraint. The“ center method,” described on the next page, shall be used instead.
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At RFS (Polar)—Unmodified, each positional tolerance applies RFS. One tolerance specifies a
central tolerance zone bounded by two parallel planes separated by a distance equal to the specified
tolerance. The other tolerance specifies a tolerance zone bounded by two concentric cylinders radially
separated by a distance equal to the specified tolerance. The intersection of these tolerance zonesisan
arc-shaped space (shown in the lower portion of Fig. 5-114) centered at true position, within which the
feature' s axis or center point shall be contained.

“Center Method” for MMC or LMC (Polar)—Where modified to MMC or LMC, both tolerances
shall beinterpreted asin an RFS context—that is, each establishes acentral tolerance zone bounded by a
pair of parallel planes and a pair of concentric cylinders, within which the feature’ s axis or center point
shall be contained. However, unlikein the RFS context, the size of each MM C or LM C tol erance zone shall
be enlarged by a single “bonus tolerance” value, derived according to section 5.6.5.1.
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5.11.6.3 Bounded Features

Positional tolerance can be applied judiciously to bounded features having opposing elementsthat partly
or completely enclose a space.

At MMC or LM C—If the positional tolerance ismodified to MM C, the bounded feature shall havea
defined and discernible MM C size/form boundary. Thiscan derivefrom multiplesizedimensionsor profile
tolerance(s) (see Section 13). In an LMC context, an LMC size/form boundary shall be defined. The
tolerance establishes aLevel 4 virtual condition boundary uniformly offset from the applicable MMC or
LMC size/form limit boundary by an amount equal to one-half the specified positional tolerance. For
clarification, theterm BOUNDARY is placed beneath the feature control frames.

At RFS—RFSisnot applicableunlessthe designer specifiesadetailed procedurefor deriving unique
and repeatabl e center elements. Then, thetolerance establishes one or more central tolerance zoneswithin
which the derived center element(s) shall be contained.

Fig. 5-115 shows a bounded feature controlled with two different positional tolerances. In this ex-
ample, the concept isidentical tothat for bidirectional tolerancing describedin section 5.11.6.2, except the
controlled feature is noncircular with a separate size dimension corresponding to each positional toler-
ance. Where bidirectional control is not necessary, we recommend using instead composite profile toler-
ancing, as detailed in section 5.13.13.
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5.11.7 Patterns of Features

In many assemblies, two parts are attached to each other through a pattern of (multiple) features of size.
For exampl e, aclosure cover may be bolted to apump body with 24 3/8" bolts. A positional tolerance may
be applied to the entire pattern, controlling the orientation and location of each individual featurerelative
to a DRF, and relative to every other feature in the pattern. Rather than a single boundary or tolerance
zone, a positional tolerance applied to a feature pattern establishes a pattern (framework) of multiple
boundaries or tolerance zones. Within this framework, the orientation and location of all the boundaries
(or zones) are fixed relative to one another according to the basic dimensions expressed on the drawing.

At MMC or LMC—Wheremodifiedto MMC or LMC, thetolerance establishes aframework of Level
4 virtual condition boundaries as described in section 5.6.3.3.

At RFS—Unmodified, the tolerance applies RFS and establishes a framework of central tolerance
zones as described in section 5.6.4.1.

Alternative” Center Method” for MM C or LM C—Wherethe positional tolerance appliesto features
of sizeat MMC or LMC, the alternative “ center method” described in section 5.6.5.1 may be applied. The
size of each tolerance zone adjusts independently according to the actual size of its corresponding
feature.

In the following discussion, we're going to focus on cylindrical mating features and their Level 4
MMC virtual condition boundaries. However, pattern controls are equally effective for width-type fea-
tures, and just asusablein LM C and RFS contexts. Thefew simplified calculationswe’ || be making arejust
toillustrate the concepts of pattern control. Subsequent chapters, particularly 22 and 24, present amore
thorough discussion of positional tolerance calculations.

5.11.7.1 Single-Segment Feature Control Frame

The handle shownin Fig. 5-116 isfor lifting an avionics “black box” out of aplane. It will be attached to a
die-cast aluminum box using six 8-32 machine screws into blind tapped holes. The handle is a standard
catalog item, chosen partly for its ready availability and low cost. Had it been a custom design, we might
have specified tighter tolerances for the mounting holes. Neverthel ess, through careful use of GD& T, we
can still specify a pattern of tapped holes that will always allow hassle-free mounting of any sample
handle.
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Figure 5-116 Standard catalog handle
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For ease of assembly, we primarily need to assure a clearance fit between each of the handle’ s holes
and the major diameter of its corresponding 8-32 screw. Worst-case assemblability is therefore repre-
sented by the MM C virtual conditions of the holes and the MMC virtual conditions of the screws. The
handle’ s Technical Bulletin (Fig. 5-117) tellsusthe mounting holes can be as small as/.186. Atthat MM C
size, ahole' s positional deviation can be as much as ££014 (likely a conversion from +.005 coordinate
tolerances). According to theformulain section 5.6.3.1, the MM C virtual condition for each hole (internal

feature) is/A£186- A014=/172.

Dash |Screw|DIM A{DIM B| TOL C|DIM D| DIM E

# Size

-1 M

—9 46

—3 #8 .191 186 .014 750 | 2.500

—4 #10 Figure 5-117 Handle Technical Bulletin

To assure aclearancefit, then, we must establish for each screw aLevel 4 virtual condition boundary
no larger than A£172. While we can’'t apply a positional tolerance directly to the screws, we can apply a
tolerance to the pattern of tapped holes. The most difficult assembly would result from a screw with its
pitch diameter at MM C and its major diameter at MM C (A.1640), torqued into atapped holethat’ salso at
MMC. Functionally, thisis only slightly more forgiving than asimple A£164 boss. For our tapped holes,
then, if we model our virtual conditions on asubstitute A£164 boss, our toleranceswill be slightly conser-
vative, which isfine.

For a A£.164 boss, the maximum allowabl e positional toleranceisfound by simply reversing our virtual
condition formula—that is, by starting with the desired MM C virtual condition size and subtracting the
feature sMMCsize: £172- A£164=A008. InFig. 5-118, we' ve specified asingle positional tolerance of
AE008for theentire pattern of six tapped holes. Thetol erance controlsthelocation of each holeto the DRF
A|B|C, and at the same time, the spacings between holes. Assemblability is assured. Problem solved.
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Figure 5-118 Avionics “black box” with single positional tolerance on pattern of holes
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“Problem solved,” that is, until we discover that about half the boxes made have one or more tapped
holes exceeding their £.008 positional tolerance. On closer analysis, we find the same problem on every
rejected box: Though the hole-to-hole spacings are excellent and handles can assemble easily, the entire
pattern of holesis shifted relative to the datum C width. We often find that processes can make hole-to-
hole spacings more precise than the overall |ocation of the pattern. Fortunately, most designs can afford
asignificantly greater tolerance for overall location. In our example, /008 is necessary for the hole-to-
hole spacings, but we could actually allow the entire pattern (the handl e itself) to shift around on the box
1/8" or soin any direction.

5.11.7.2 Composite Feature Control Frame

In Fig. 5-119, we've applied a composite positional tolerance feature control frame to our pattern of
tapped holes. As does the more common single-segment frame already described, the composite frame
hasasingle“position” symbol. Unlike the single-segment frame, the composite frame has two segments,
upper and lower, each establishing a distinct framework of virtual condition boundaries or central toler-
ance zones. Notice the difference in tolerance values and datum references between the two segments.
The intent of a composite feature control frame is for the upper segment to provide a complete overall
location control, then for the lower segment to provide a specialized refinement within the constraints of
the upper segment. Here' s how it works.
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Figure 5-119 Avionics “black box” with composite positional tolerance on pattern of holes

The upper segment meansthe same asasingle-segment positional tolerancefeature control frame. In
our Fig. 5-119 example, positional tolerance of £250 ispermitted for each hole, relativeto the DRF A|[B|C.
This establishes a Pattern Locating Tolerance Zone Framework (PLTZF) (pronounced “Plahtz”) com-
prising six virtual condition boundaries for the holes, al basically parallel and basically located to each
other. In addition, the orientation and location of the entire PLTZF isrestrained relative to the referenced
DRF A|B|C. In this case, the tapped holes would have negative virtual conditions. Fig. 5-120 shows
instead the PLTZF virtual condition boundaries for our substitute /164 bosses.
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Figure 5-120 PLTZF virtual condition boundaries for Fig. 5-119

Compared with the single-segment positional tolerance of Fig. 5-118, the upper segment tolerancein
our example affords much more freedom for the overall location of the handle on the box. However, £250
allows too much feature-to-feature variation to assure assemblability. That’s where the lower segment
kicksin.

The lower segment establishes the Feature Relating Tolerance Zone Framework (FRTZF) (pro-
nounced “Fritz"). This segment may have zero, one, two, or three datum references. Where datums are
referenced, they restrain only the orientation of the FRTZF, never itslocation. Fig. 5-121 showsthe FRTZF
virtual condition boundariesfor our substitute bosses at work. Notice that datum A restrainsthe orienta-
tion of the FRTZF. Thisiscrucial tothehandl €' sfitting flush. However, datum A couldn’t possibly restrain
the location of the FRTZF, since the holes are perpendicular to datum A. In our example, then, the rule
against location restraint is moot. In amoment, we'll show how the difference can become relevant.

Compared with the single-segment positional tolerance of Fig. 5-118, the lower segment tolerancein
our example has the same tolerance value, and affords exactly the same feature-to-feature control. How-
ever, thelower segment’ sentire FRTZF isableto trand ate freely relativeto the DRF, affording no restraint
at all for the overall location of the handle on the box.

To summarize, we've solved our handle mounting problem with a composite positional tolerance
that’ sreally two tolerancesin one: alarger tolerance to control the overall location of the handle on the
box; and asmaller toleranceto control the orientation (perpendicularity) of the holesto the mounting face,
aswell asthe hole-to-hole spacings. Assemblability is assured. Problem solved.
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Figure 5-121 FRTZF virtual condition boundaries for Fig. 5-119

With a Secondary Datum in the L ower Segment—With composite control, there’ s no explicit con-
gruence requirement between the PLTZF and the FRTZF. But, if features areto conform to both tolerances,
the FRTZF will have to drift to where its virtual condition boundaries (or central tolerance zones) have
enough overlap with those of the PLTZF. Fig. 5-122 showsfor our example one possible valid relationship
between the PLTZF and FRTZF. Again, the virtual condition boundaries are based on a substitute A£164
boss. Noticethat the PLTZF virtual conditionsareso large, they allow considerabl erotation of the pattern
of tapped holes. The FRTZF offers no restraint at all of the pattern relative to datums B or C. This could
allow a handleto be visibly crooked on the box.

In Fig. 5-123, we' ve corrected thislimitation by simply referencing datum B as a secondary datumin
thelower segment. Now, the orientation (rotation) of the FRTZF isrestrained normal to thedatum B plane.
Although datum B could also restrain the basic location of the FRTZF, in acomposite control such asthis,
it's not allowed to. Thus, while the pattern of tapped holes is now sguared up, it can still shift around
nearly as much as before.

5.11.7.3 Rules for Composite Control

Datum References—Since the lower segment provides specialized refinementonly within the constraints
of the upper segment, the lower segment may never reference any datum(s) that contradicts the DRF of
the upper segment. Neither shall there be any mismatch of material condition modifier symbols. This
leaves four options for referencing datumsin the lower segment.

Reference no datums.

Copy only the primary datum and its modifier (if any).

Copy the primary and secondary datums and their modifiers, in order.

Copy the primary, secondary, and tertiary datums and their modifiers, in order.

> w DN
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PLTZF virtual cenditlon boundary

True position related to
datum reference frame

.. [B.2500)AlBlc M)
¥ lp.oo8M]A FRTZF vlr‘tuul condition boundary
'\ Substituta (%.164 boss
-~ PN
-\ 4,
N \\ N
7 \ P
G\ ’
“'/ o ~
- ~ - |
1.500 n ,
|/ | /! 5
3.750 from e \‘\ A ; /
datur B R -- P \‘_
% 7 7 k /
\/ —~
[ 2_500 |
Q
2.250 from 250
datum B 2 500 2.500
Datum
plane C

Note: All boundaries are oriented perpendicular to primary datum A.

Figure 5-122 One possible relationship between the PLTZF and FRTZF for Fig. 5-119

Only datums needed to restrain the orientation of the FRTZF may be referenced. The need for two
datum referencesin alower segment is somewhat rare, and for three, even more uncommon.

Tolerance Values—T he upper-segment tolerance shall be greater than the lower-segment tolerance.
Generally, the difference should be enough to make the added complexity worthwhile.

Simultaneous Requirements—The upper and lower segments may be verified separately, perhaps
using two different functional gages. Thus, where both upper and lower segments reference a datum
feature of size at MMC or at LMC, each segment may use a different datum derived from that datum
feature. Table 5-7 shows the defaults for simultaneous requirements associated with composite control.
Simultaneous requirements are explained in section 5.9.10.

FAQ: The Table 5-7 defaults seem somewhat arbitrary. Can you explain the logic?
A: No, it escapes ustoo.

Noticethat the lower segments of composite feature control frames default to separate requirements.
Placing the note SIM REQT adjacent to alower segment that references one or moredatumsoverridesthe
default and imposes simultaneous requirements. If the lower segment references no datums, functionally
related features of differing sizes should instead be grouped into a single pattern of features controlled
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Figure 5-123 One possible relationship between the PLTZF and FRTZF with datum B
referenced in the lower segment

Table 5-7 Simultaneous/separate requirement defaults

Between Default Modifiable?

Upper and lower segments within SEPREQTS NO
asingle composite feature control frame

Upper segments (only) of two or SIM REQTS YES
more composite feature control frames

L ower segments (only) of two or SEPREQTS YES
more composite feature control frames

Upper segment of acomposite and SIM REQTS YES
asingle-segment feature control frame

L ower segment of acomposite and SEPREQTS YES
asingle-segment feature control frame
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with a single composite feature control frame. This can be done with a general note and flags, or with a
note such as THREE SLOTS or TWO COAXIAL HOLES placed adjacent to the shared composite
feature control frame.

5.11.7.4 Stacked Single-Segment Feature Control Frames

A composite positional tolerance cannot specify different location requirements for a pattern of features
relative to different planes of the DRF. Thisis because the upper segment allows equal translation in all
directions relative to the locating datum(s) and the lower segment has no effect at all on pattern transla-
tion. In section 5.11.6.2, we explained how bidirectional positional tolerancing could be used to specify
different location requirements relative to different planes of the DRF. This works well for an individual
feature of size, but applied to a pattern, the feature-to-feature spacings would likewise have a different
tolerance for each direction.

Fig. 5-124 shows adeeve with four radial holes. Inthisdesign, centrality of the holesto the datum A
boreiscritical. Lesscritical isthe distance of the holesfrom the end of the sleeve, datum B. L ook closely
at the feature control frames. The appearance of two “position” symbols means this isnot a composite
positional feature control frame. What we have instead are simply two single-segment positional toler-
ance feature control frames stacked one on top of the other (with no space between). Each feature control
frame, upper and lower, establishesadistinct framework of Level 4 virtual condition boundariesor central
tolerance zones.

Fig. 5-125 shows the virtual condition boundaries for the upper frame. The boundaries are basically
oriented and located to each other. In addition, the framework of boundaries is basically oriented and
located relative to thereferenced DRF A|B. The generoustolerancein the upper frame adequately locates
the holes relative to datum B, but not closely enough to datum A.
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Figure 5-124 Two stacked single-segment feature control frames
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Figure 5-125 Virtual condition boundaries of the upper frame for Fig. 5-124

Fig. 5-126 showsthe virtual condition boundariesfor thelower frame. The boundaries are basically
oriented and located to each other. In addition, the framework of boundaries is basically oriented and
located relative to the referenced datum A. The comparatively close tolerance adequately centers the
holes to the bore, but has no effect on location relative to datum B.

There is no explicit congruence requirement between the two frameworks. But, if features are to
conform to both tolerances, virtual condition boundaries (or central tolerance zones) must overlap to

some extent.

$.005MAM

S

4X @.243 virtual
caondition
boundaries

Datum axis A

True position axes I
(located and oriented I
to datum axis A)

Translation
uncontrolled

e

IP/‘
'r,-l-\‘.
I’/
e T

Oatum plane B

Figure 5-126 Virtual condition boundaries of the lower frame for Fig. 5-124
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5.11.7.5 Rules for Stacked Single-Segment Feature Control Frames

Datum References—As with any pair of separate feature control frames, each may reference whatever
datum(s), in whatever precedence, and with whatever modifiers are appropriate for the design, provided
the DRFs are not identical (which would make the larger tolerance redundant). Since one frame's con-
straints may or may not be contained within the constraints of the other, the designer must carefully
assure that the feature control frames together provide the necessary controls of feature orientation and
location to the applicable datums.

Tolerance Values—Generally, the tolerances should differ enough to justify the added complexity.
It’s customary to place the frame with the greater tolerance on top.

Simultaneous Requirements—Since the two frames reference non-matching DRFs, they shall be
evaluated separately, perhaps using two different functional gages. As explained in section 5.9.10, each
feature control frame defaultsto sharing simultaneous requirementswith any other feature control frame(s)
that references the identical DRF, as applicable.

FAQ: | noticed that the 1994 revision of Y14.5 has much more coverage for patternlocation than
the 1982 revision. Isthat just because the principles are so complicated, or does it mean |
should make mor e use of composite and stacked feature control frames?

A: Y 14.5M-1982 was unclear about composite control as to whether the lower segment affects
pattern|ocation. Perhaps because most usersassumed it did, Y 14.5M-1994 includes dozens of
figures meant to clarify that it does not and to introduce the method of using stacked frames.
Don't interpret the glut of coverage asasign that composite tolerancing is extremely compli-
cated or that it’ s underused. The next revision might condense pattern location coverage.

FAQ: How should I interpret composite tol erancing on drawings made beforethe 1994 revision?
Doesthe lower segment control pattern location or not?

A: That remains a huge controversy. Here'swhat ASME Y 14.5M-1982 says (in section 5.4.1.4)
about an example lower segment: “The axes of individual holes must also lie within 0.25
diameter feature-rel ating tolerance zones basically related to each other and basically oriented
todatumaxisA.” Though it would have been very pertinent in the example, basic locationto
datum A isnot mentioned. If weinterpret thisasan error of omission, we canlikewiseinterpret
anything left out of the standard asan error and do whatever we please. Thus, wefeel the* not
located” interpretation is more defensible. Where an “ oriented and located” interpretationis
needed on an older drawing, there’s no prohibition against “retrofitting” stacked single-
segment frames.

5.11.7.6 Coaxial and Coplanar Features

All the above principles for locating patterns of features apply aswell to patterns of cylindrical features
arranged in-line on acommon axis, or width-type features arranged on acommon center plane. Fig. 5-127
shows a pattern of two coaxial holes controlled with a composite positional tolerance. Though we've
added a third segment to our composite feature control frame, the meaning is consistent with what we
describedinsection 5.11.7.2. The upper segment’ s PL TZF control sthelocation and orientation of the pair
of holesto the referenced DRF. The middle segment refines only the orientation (parallelism) of aFRTZF
relative to datum A. The lower segment establishes a separate free-floating FRTZF that refines only the
feature-to-feature coaxiality of the individual holes. Child’s play. Different sizes of in-line features can
shareacommon positional toleranceif their size specifications are stacked above ashared feature control
frame.
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Figure 5-127 Three-segment composite feature control frame

5.11.8 Coaxiality and Coplanarity Control

Coaxiality is the relationship between multiple cylindrical or revolute features sharing a common
axis. Coaxiality can be specified in severa different ways, using a runout, concentricity, or positional
tolerance. As Section 12 explains, arunout tolerance controls surface deviationsdirectly, without regard
for the feature’'s axis. A concentricity tolerance, explained in section 5.14.3, controls the midpoints of
diametrically opposed points.

The standards don’t have aname for the rel ationship between multiple width-type features sharing
acommon center plane. We will extend theterm coplanarity to apply in this context. Coplanarity can be
specified using either a symmetry or positional tolerance. A symmetry tolerance, explained in section
5.14.4, controls the midpoints of opposed surface points.

Where one of the coaxial or coplanar features is identified as a datum feature, the coaxiality or
coplanarity of the other(s) can be controlled directly with apositional tolerance applied at RFS, MMC, or
LMC. Likewise, the datum reference can apply at RFS, MMC, or LMC. For each controlled feature, the
tolerance establishes either aLevel 4 virtual condition boundary or acentral tolerance zone (see section
5.11.1) located at true position. In this case, no basic dimensions are expressed, because true positionis
coincident with the referenced datum axis or datum center plane.

All the above principles can be extended to a pattern of coaxial feature groups. For a pattern of
counterbored holes, the pattern of holesislocated asusual. A single” datum feature” symbol isattached
according to section 5.9.2.4. Coaxiality for the counterbores is specified with a separate feature control
frame. In addition, a note such as4X INDIVIDUALLY is placed under the “datum feature” symbol and
under the feature control frame for the counterbores, indicating the number of places each applieson an
individual basis.

Wherethe coaxiality or coplanarity of two featuresiscontrolled with apositional tolerance of zero at
MMC and the datum is also referenced at MMC, it makes no difference which of these featuresis the
datum. For each feature, its TGC, itsvirtual condition, and its MMC size limit are identical. The same is
truein an al-LMC context.
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FAQ: Where a piston’s ring grooves interrupt the outside diameter (OD), do | need to control
coaxiality among the three separ ate segments of the OD?

A: If it weren't for those pesky grooves, Rule #1 would impose a boundary of perfect form
at MMC for the entire length of the piston’s OD. Instead of using 3X to specify
multiple same-size ODs, place the note THREE SURFACES AS A SINGLE FEATURE
adjacent to the diameter dimension. That forcesRule#1 toignoretheinterruptions. A similar
note can simplify orientation and/or location control of a pattern of coaxial or coplanar
same-size features.

5.12 Runout Tolerance

Runout is one of the oldest and simplest concepts used in GD& T. Maybe as a child you stood your
bicycle upside down on the ground and spun awheel. If you fixed your stare on the shiny rim where it
passed acertain part of theframe, you could see the rim wobbl e from sideto side and undulateinward and
outward. Instead of the rim runningin aperfect circle, it, well—ranout. Runout, then, isthevariationinthe
surface elements of around feature relative to an axis.

5.12.1  Why Do We Use It?

In precision assemblies, runout causes misalignment and/or balance problems. In Fig. 5-128, runout of the
ring groove diametersrelative to the piston’ s diameter might cause the ring to squeeze unevenly around
the piston or force the piston off center in its bore. A motor shaft that runs out relative to its bearing
journals will cause the motor to run out-of-balance, shortening its working life. A designer can prevent
such wobble and |opsidedness by specifying arunout tolerance. There aretwo levelsof control, circular
runout and total runout. Total runout adds further refinement to the requirements of circular runout.

5.12.2 How Does It Work?

For as long as piston ring grooves and motor shafts have been made, manufacturers have been finding
waysto spinapart about itsfunctional axiswhileprobingitssurfacewith adial indicator. Astheindicator’s
tip surfsup and down over the undulating surface, itsdial swingsgently back and forth, visually display-

oF

Figure 5-128 Design applications for
runout control
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ing the magnitude of runout. Thus, measuring runout can be very simple as long as we agree on three
things:
* What surface(s) establish the functional axisfor spinning—datums
* Wheretheindicator isto probe
* How much swing of theindicator’ sdial is acceptable
The whole concept of “indicator swing” is somewhat dated. Draftsmen used to annotate it on draw-
ingsasTIR for “Total Indicator Reading.” Y 14.5 briefly called itFIR for “Full Indicator Reading.” Then, in
1973, Y 14.5 adopted the international term, FIM for “Full Indicator Movement.” Full Indicator Movement
(FIM) isthe difference (in millimeters or inches) between an indicator’ s most positive and most negative
excursions, Thus, if thelowest reading is- .001" and the highestis+.002", theFIM (or TIR or FIR) is.003".
Just because runout tolerance is defined and discussed in terms of FIM doesn’t mean runout toler-
ance can only be applied to parts that spin in assembly. Neither doesit require the part to be rotated, nor
use of an antiquetwentieth century, jewel-movement, dial indicator to verify conformance. The“indicator
swing” standard is an ideal meant to describe the regquirements for the surface. Conformance can be
verified usinga CMM, optical comparator, laser scanning with computer modeling, process qualification
by SPC, or any other method that approximates the ideal.

5.12.3 How to Apply It

A runout toleranceis specified using afeature control frame displaying the characteristic symbol for either
“circular runout” (asingle arrow) or “total runout” (two side-by-side arrows). Asillustrated in Fig. 5-129,
the arrowheads may be drawn filled or unfilled. The feature control frame includes the runout tolerance
value followed by one or two (but never three) datum references.

Circular Total
| ] Runout Runout

& . Figure 5-129 Symbols for circular runout
and total runout

Considering the purpose for runout tolerance and the way it works, there’ s no interaction between a
feature’ s size and its runout tolerance that makes any sense. In our piston ring groove diameter example,
an MM C modifier would be counterproductive, allowing the groove diameter’ seccentricity toincrease as
it gets smaller. That would only aggravate the squeeze and centering problems we' re trying to correct.
Thus, material condition modifier symbols, MMC and LMC, are prohibited for both circular and total
runout tolerances and their datum references. If you find yourself wishing you could apply a runout
tolerance at MMC, you're not looking at a genuine runout tolerance application; you probably want
positional tolerance instead.
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5.12.4 Datums for Runout Control

A runout tolerance controls surface elements of a round feature relative to a datum axis. GD&T
modernized runout tolerancing by applying the rigors and flexibility of the DRF. Every runout tolerance
shall reference adatum axis. Fig. 5-130 shows three different methods for doing this.

Since a designer wishes to control the runout of a surface as directly as possible, it’s important to
select afunctional feature(s) to establish the datum axis. During inspection of a part such as that shown
inFig. 5-130(a), the datum feature might be placed in aV-block or fixtured in aprecision spindle so that the
part can be spun about the axis of the datum feature’s TGC. Thisrequires that the datum feature be long
enough and that itsform be well controlled (perhaps by its own size limits or form tolerance). In addition,
the datum feature must be easily accessible for such fixturing or probing.

-

Figure 5-130 Datums for runout
(¢) control
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There are many caseswherethe part itself isa spindle or rotating shaft that, when assembled, will be
restrained in two separate places by two bearings or two bushings. See Fig. 5-131. If the two bearing
journals have ample axial separation, it's unrealistic to try to fixture on just one while ignoring the other.
We could better stabilize the part by identifying each journal as a datum feature and referencing both as
equal co-datum features. Inthefeature control frame, thedatum referencelettersare placed inasinglebox,
separated by ahyphen. Asweexplainedin section’5.9.14.2, hyphenated co-datum featureswork asateam.
Neither co-datum feature has precedence over the other. We can’t assume the two journals will be made
perfectly coaxial. To get adecent datum axisfrom them, we should add arunout tolerancefor each journal,
referencing the common datum axis they establish. See Fig. 5-132. Thisisone of the few circumstances
where referencing afeature as a datum in its own feature control frame is acceptable.

Where asingle datum feature or co-datum feature pair establishesthe axis, further datum references
are meaningless and confusing. However, there are applications where a shoulder or end face exerts more
|eadership over the part’ sorientation in assembly whilethe diametral datum feature merely establishesthe
center of revolution. In Fig. 5-130(c), for example, thefaceisidentified as primary datum feature A and the
boreislabeled secondary datum feature B. In inspection, the part will be spun about datum axis B which,
remember, is restrained perpendicular to datum plane A.

5.12.5 Circular Runout Tolerance

Circular runout isthe lesser level of runout control. Its tolerance appliesto the FIM while the indicator
probes over a single circle on the part surface. That means the indicator’ s body is to remain stationary
both axially and radially relativeto the datum axisasthe part is spun at |east 360° about its datum axis. The
tolerance applies at every possible circle on the feature’s surface, but each circle may be evaluated
separately from the others.

Drawing

X =.003 (~.001,+.002) A =.004 (-.003,+.001)

\f

Part

360°

TGCs

Figure 5-131 Two coaxial features establishing a datum axis for runout control
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Drawing

y :.005 qut
(—.001,4+.002) (—.003,+.001)

Figure 5-132 Runout control of
TGCs hyphenated co-datum features

Let's evaluate the .005 circular runout tolerance of Fig. 5-131. We place an indicator near the left
end of the controlled diameter and spin the part 360°. We see that the farthest counterclockwise
excursion of the indicator dial reaches- .001" and the farthest clockwise excursion reaches +.002". The
circular runout deviation at that circle is .003". We move the indicator to the right and probe another
circle. Here, theindicator swings between - .003" and +.001". Thedifference, .004", iscal culated without
regard for the readings we got from the first circle. The FIM for each circle is compared with the .005"
tolerance separately.

Obviously, we can't spend all day trying to measureinfinitely many circles, but after probing at both
ends of the feature and various places between, we become confident that no circle along the feature
wouldyield an FIM greater than, perhaps, .004". Then, we can conclude the feature conformsto the .005"
circular runout tolerance.

Circular runout can be applied to any feature that isnominally cylindrical, spherical, toroidal, conical,
or any revolute having round cross sections (perpendicular to the datum axis). When evaluating
noncylindrical features, the indicator shall be continually realigned so that itstravel isalways normal to
the surface at the subject circle. See Fig. 5-133. Circular runout can also be applied to aface or face groove
that is perpendicular to the datum axis. Here, the surface elements are circles of various diameters, each
concentric to the datum axis and each evaluated separately from the others.
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5.12.6 Total Runout Tolerance

Total runout is the greater level of runout control. Its tolerance applies to the FIM while the indicator
sweeps over the entire controlled surface. Rather than each circular element being evaluated separately,
the total runout FIM encompasses the highest and lowest of dl readings obtained at al circles.

For a nominally cylindrical feature, the indicator’s body shall be swept parallel to the datum axis,
covering the entirelength of the controlled feature, asthe part is spun 360° about the datum axis. SeeFig.
5-132. Any taper or hourglass shape in the controlled feature will increase the FIM.

For anominally flat face perpendicular to the datum axis, theindicator’ s body shall be sweptinaline
perpendicular to the datum axis, covering the entire breadth of the controlled feature. Any conicity,
wobble, or deviations from flatness in the controlled feature increase the FIM. The control imposed by
thistype of total runout toleranceisidentical to that of an equal perpendicularity tolerance with an RFS
datum reference.

FAQ: Cantotal runout tolerance be applied to a cone?

A: For any features other than cylinders or flat perpendicular faces, theindicator would have to
be swept along apath neither parallel nor perpendicular to the datum axis. Since the standards
have not adequately defined these paths, avoid such applications.

5.12.7  Application Over a Limited Length

Since arunout tolerance applies to surface elements, it sometimes makes sense to limit the control to a
limited portion of asurface. A designer can do thiseasily by applying achain line as described in section
5.88.
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5.12.8 When Do We Use a Runout Tolerance?

Runout tolerances are especially suited to parts that revolve about a datum axis in assembly, and where
alignments and dynamic balance are critical. Circular runout tolerance is often ideal for O-ring groove
diameters, but watch out for surfaces inaccessible to an indicator tip. This might be an internal O-ring
groove where the cylinder boreisthe datum. How can an inspector spin the part about that bore and get
hisindicator tip into the groove at the same time? Aswe said, there are other inspection methods, but a
designer should always keep one eye on practicality.

The following equations pertain to the controls imposed by circularity, cylindricity, concentricity,
circular runout, and total runout when applied to arevolute or cylindrical feature.

CIRCULARITY + CONCENTRICITY = CIRCULAR RUNOUT
CYLINDRICITY + CONCENTRICITY = TOTAL RUNOUT

Remember that FIM isrelatively simpleto measure and reflects the combination of out-of-roundness
and eccentricity. It’squite complex to differentiate between these two constituent variations. That means
checking circularity or concentricity apart from the other requires more sophisticated and el aborate tech-
niques. Of course, there are cases where the design requires tight control of one (say, circularity); to
impose the same tolerance for the other (concentricity) would significantly complicate manufacturing.
However, if thiswon’t be a problem, use a runout tolerance.

A runout tolerance applies directly to surface elements. That distinguishesit from a positional toler-
ance RFSthat controls only the coaxiality of the feature’ s actual mating envelope. Positional tolerancing
providesno form control for the surface. While the positional tolerance coaxiality control issimilar to that
for runout tolerance, the positional tolerance is modifiable to MMC or LMC. Thus, where tolerance
interactionisdesirable and sizelimitswill adequately control form, consider apositional toleranceinstead
of arunout tolerance.

FAQ: Can|l apply arunout tolerance to a gear or a screw thread?

A: Avoid doing that. Remember that arunout tolerance appliesto the FIM generated by surface
elements. Some experts suggest modifying the runout tolerance by adding the note PITCH
CYLINDER. Wefeel that subvertsthe purpose for runout tolerance and requires unique and
complicated inspection methods. Consider a positional tolerance instead.

FAQ: Afeature’ srunout tolerance hasto be lessthan its size tolerance, right?

A: Wrong. A feature' ssizelimitsdon’t control itsrunout; neither doesarunout tolerance control
thefeature’ s size. Depending on design considerations, a runout tolerance may be lessthan,
equal to, or greater than the size tolerance. One can imagine scenarios justifying just about
any ratio. That's why it's important to consider each runout tolerance independently and
carefully.

FAQ: Canl apply arunout tolerance“ unless otherwise specified” in the tolerance block or by a
general note?

A: Y es, but identify adatum feature and referenceit with the runout tolerance. A runout tolerance
with no datum reference is meaningless and illegal. Many novice inspectors encountering a
general runout tolerance with no datum reference start checking every possible pairing of
features—for fivediameters, that’ s 20 checks! Also, consider each featureto which the runout
tolerance will apply and be careful not to rob any feature of usable and needed tolerance.
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5.12.9 Worst Case Boundaries

Instead of troweling on feature control framesfor form and location, a clever designer can often simplify
requirements by using afew well-thought-out runout tolerancesto control combinations of relationships.

A circular runout or total runout tolerance applied to an internal or external diameter featureyieldsa
worst case inner boundary equal in size to the feature’s small-limit size minus the value of its runout
tolerance and aworst case outer boundary equal in sizeto thefeature’ slarge-limit size plusthevalueof its
runout tolerance. The inner or outer boundary can be exploited to protect a secondary requirement for
clearance without using a separate positional tolerance.

5.13 Profile Tolerance

In the previous sections, we' ve covered nearly all the principles needed to control planar features and
simplefeaturesof size. Intheold MIL-STD-8 drawing standards, that wasasfar asGD& T went. However,
automobiles, airplanes, and ships are replete with parts having nonplanar, noncylindrical, nonspherical
features. Such irregularly shaped profiled features couldn’t be geometrically controlled until 1966 when
thefirst edition of Y 14.5introduced “ profile of aline” and “ profile of asurface” characteristic symbolsand
feature control frames for controlling profiled features. The 1973 revision of Y 14.5 introduced datum
referencesin profile feature control frames. Finally, designers could apply all the power and precision of
GD&T to nearly every imaginable type of part feature.

The 1982 and 1994 revisions of Y 14.5 enhanced the flexibility of profile tolerancing to the extent that
now just about every characteristic of just about every type of feature (including planes and simple
features of size) can be controlled with aprofiletolerance. Thus, some gurus prescribe profiletolerancing
for everything, asif it’s “the perfect food.” (We address that notion in Section 17.)

The fundamental principles of profile tolerancing are so simple that the Math Standard coversthem
fully with just one column of text. However, the Math Standard only addresses the meaning of the
tolerance. Profile tolerancing’s multitude of application options and variations comprise quite a lot of
material to learn.

5.13.1 How Does It Work?

Every profiletolerancerelieson abasic profile. SeeFig. 5-134. Thisisthe profiled feature’ snominal shape
usually defined in adrawing view with basic dimensions. A profiletolerance zone is generated by offset-
ting each point on the basic profilein adirection normal to the basic profile at that point. This offsetting
createsa“band” that followsthebasic profile. The part feature (or 2-D element thereof) shall be contained
within the profile tolerance zone. In addition, the surface (or 2-D element) shall “blend” everywhere. We
interpret this to mean it shall be tangent-continuous.

There aretwo levels of profiletolerance control. The difference between the two levelsis analogous
to the difference between flatness and straightness tolerances. Profile of a surface provides complete
3-D control of afeature’s total surface. Profile of a line provides 2-D control of a feature's individual
cross-sectional elements. Either type of control may be related to a DRF.

5.13.2 How to Apply It

Application of aprofiletoleranceisathree-step process: 1) definethe basic profile, 2) definethetolerance
zone disposition relative to the basic profile, and 3) attach a profile feature control frame.
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Figure 5-134 Application of profile tolerances
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5.13.3 The Basic Profile

Y ou can specify the basic profile by any method that defines a unique and unambiguous shape for the
controlled feature. The most common methods are projecting a 3-D figure onto a plane or taking cross
sections through the figure. The resulting 2-D profile is shown in a drawing view. We call this 2-D
graphical representation the profileoutline. Basic dimensionsare specified for the basic profileto define
each of its elements. Such basic dimensions may include lengths, diameters, radii, and angles. Alterna-
tively, acoordinate grid system might be established, with points or nodes on the basic profilelistedin a
table. Y et another method isto provide one or more mathematical formulasthat define the elements of the
basic profile, perhaps accompanied by one or more basically dimensioned nodes or end points.

A CAD/CAM model’s digital representation of a basic profile also qualifies. It's not necessary to
attach basic dimensions to the model since the computer already “understands’ the ones and zeros that
define it. In a paperless manufacturing environment, the “undimensioned” model along with a profile
tolerance specification are all that’s needed by automated equipment to make and inspect the profiled
feature. Thismethod accommodates truly 3-D—profiled features having varying cross sections, such as
aturbine blade or an automobile windshield.

Whileany of these or other methods could be used, the designer must takeinto account the expected
manufacturing methods and ensure that the basic profile specifications are accessible and usable. This
consideration may prescribe multiple 2-D drawing viewsto show, for example, an airplanewing at several
different cross sections.

5.13.4 The Profile Tolerance Zone

As depicted in Fig. 5-135, the profile tolerance zone is generated by offsetting each point on the basic
profile in adirection normal to the basic profile at that point. This tolerance zone may be unilateral or
bilateral relativeto the basic profile. For a unilateral profile tolerance, the basic profileis offset totaly in
one direction or the other by an amount equal to the profile tolerance. See Figs. 5-135(b) and (c). For a
bilateral profiletolerance, the basic profileis offset in both directions by a combined amount equal to the
profiletolerance. Equal offsets of half the tolerancein each direction—equal-bilateral tolerance—isthe
default. See Fig. 5-135(a). Though the offsets need not be equal, they shall be uniform everywhere along
the basic profile.

Regardless of the tolerance zone's disposition relative to the basic profile, it always represents the
range of allowable variation for the feature. Y ou could also think of this disposition as the basic profile
running along one boundary of the tolerance band, or somewhere between the two boundaries. In any
case, since the variations in most manufacturing processes tend to be equal/bidirectional, programmers
typically programtool pathsto target the mean of thetol erance zone. With an equal-bilateral tolerance, the
basic profile runs right up the middle of the tolerance zone. That simplifies programming because the
drawing’s basic dimensions directly define the mean tool path without any additional calculations. Pro-
grammers|ove equal-bilateral tolerances, the default.

Of course, a unilateral tolerance is also acceptable. The drawing shall indicate the offset direction
relativetothe basic profile. Do thisas shown in Fig. 5-135(b) and (c) by drawing aphantom line parallel to
the basic profile on the tolerance zone side. Draw the phantom line (or curve) only long enough to show
clearly. The distance between the profile outline and the phantom line is up to the draftsman, but should
be no more than necessary for visibility after copying (don’t forget photoreduction), and need not be
related to the profile tolerance value.

A pair of short phantom lines can likewisebedrawnto indicate abilateral tolerance zonewith unequal
distribution. See Fig. 5-135(d). Draw one phantom line on each side of the profile outline with one visibly
farther away to indicate the side having more offset. Then, show one basic dimension for the distance
between the basic profile and one of the boundaries represented by a phantom line.
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On complex and dense drawings, readers often fail to notice and comprehend such phantom lines,
usually with disastrous consequences. Unequal-bilateral tolerancing is particularly confusing. If practi-
cable, designersshould spend afew extraminutesto convert thedesign for equal -bilateral tolerances. The
designer will only have to make the computations once, precluding countless error-prone calculations
down the road.

5.13.5 The Profile Feature Control Frame

A profiletoleranceis specified using afeature control frame displaying the characteristic symbol for either
“profileof aline” (an arc with no baseline) or “profile of asurface” (samearc, with baseline). The feature
control frame includes the profile tolerance value followed by up to three datum references, if needed.
Where the profile tolerance is equal-bilateral, the feature control frame is simply leader-directed to the
profile outling, asin Fig. 5-135(a). Where the tolerance is unilateral or unequal-bilateral, dimension lines
aredrawn for thewidth of thetolerance zone, normal to the profileasin Fig. 5-135(b) through (d). Oneend
of adimension lineis extended to the feature control frame.

5.13.6 Datums for Profile Control

Where a profile tolerance need only control a feature’s shape, it’s unnecessary to relate the profile
tolerance zone to any DRF. Thus, there are many applications where the profile feature control frame
should have no datum references. Where the tolerance must also control the orientation, or orientation
and location of the profiled feature, the tolerance zone shall be related to a DRF. Depending on design
reguirements, the DRF may require one, two, or three datum referencesin the profile feature control frame.

5.13.7 Profile of a Surface Tolerance

A feature control frame bearing the “profile of asurface” symbol specifiesa 3-D tolerance zone having a
total width equal to the tolerance value. The entire feature surface shall everywhere be contained within
the tolerance zone. If a DRF isreferenced, it restrains the orientation, or orientation and location of the
tolerance zone.

5.13.8 Profile of a Line Tolerance

A feature control frame bearing the “ profile of aline” symbol specifies atolerance zone plane containing
a2-D profiletolerance zone having atotal width equal to thetolerance value. Astheentirefeature surface
isswept by thetolerance zone plane, itsintersection with the plane shall everywhere be contained within
the tolerance zone.

Where no DRF isreferenced, thetolerance plane’ s orientation and sweep shall be normal to the basic
profile at each point along the profile. For arevolute, such as shownin Fig. 5-136, the plane shall sweep
radially about an axis. Within the plane, the orientation and location of the tolerance zone may adjust
continuously to the part surface while sweeping. Alternatively, one or two datums may be referenced as
necessary to restrain the orientation of the tolerance plane as it sweeps. Depending on the datums
chosen, the DRF might also restrain the orientation of the tolerance zone within the sweeping plane. Any
basic dimensions that locate the zone relative to the referenced DRF will restrain the zone's location as
well. Addition of a secondary or tertiary datum reference could arrest for the zone all three degrees of
translation. For anominally straight surface, the sweeping plane would then generate a3-D zoneidentical
to that specified by the“ profile of asurface” symbol. To limit the control to 2-D, then, adesigner must be
careful not to overrestrain the tolerance plane and zone.
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Figure 5-136 Profile of aline tolerance

| don't want?

have to add a note to the drawing.

FAQ Howcanl gettheorientationrestraint | need froma DRF without getting location restraint

A: Currently, there’s no symbolic way to “switch off” a DRF's origins. In the rare case where
basic dimensions define the basic profile, but you don’t want the location restraint, you'll

5.13.9  Controlling the Extent of a Profile Tolerance

By default, a single profile tolerance applies to a single tangent-continuous profiled feature. There are
casesWhere afeature’ stangency or continuity isinterrupted, inconveniently dividing it into two or more
features. We'd hate to plaster identical profile feature control frames all around a drawing view like
playbills at a construction site. In other cases, different portions of asingle feature should have different
profile tolerances. An exampleiswhere only a portion of afeature isadjacent to athin wall.

Y 14.5 provides three tools for expanding or limiting the extent of a profile tolerance: the “al around”
symbol, the ALL OVER note, and the “ between” symbol. These allow the designer very precise control
of profiled features. Inour explanationsfor them, we'll be referring to the subject view—asingle drawing

view that shows a profile outline with a profile feature control frame.
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The“all around” symbol (acircle) modifies a profile tolerance to apply all around the entire outline
shown in the subject view regardless of breaksin tangency. Asin Fig. 5-137, the symbol isdrawn at the
“elbow” intheleader linefrom thefeature control frame. “ All around” control doesnot extend to surfaces
or edges parallel to the viewing plane or to any feature not shown in the subject view.
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Figure 5-137 Profile “al around”

Thenote ALL OVER has not yet been replaced with asymbol. When the note appears bel ow aprofile
feature control frame, asin Fig. 5-138, it modifiesthe profiletoleranceto extend all over every surface of the
part, including features or sections not shown in the subject view. (Any feature having its own specifica-
tionsis exempt.) The few applications where thisis appropriate include simple parts, castings, forgings,
and truly 3-D profiled features. For example, we might specify an automobile door handle or the mold for
ashampoo bottle with profile of asurface ALL OVER.
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Figure 5-138 Profile “all over”
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Thethird method istoindicate (inthe subject view) two points al ong the basic profil e asterminations
for the subject tolerance zone. Each point is designated by directing areference letter to the point with a
leader. SeeFig. 5-139. If aterminating point isnot located at an obviousbreak in the continuity or tangency
of thebasic profile, it shall belocated with basic dimensions. In addition, the sametwo referencelettersare
repeated adjacent to the profile feature control frame, separated by the “between” symbol (atwo-headed
arrow). The tolerance applies along the basic profile only between the designated terminating points.
Neither the choice of reference letters, their relative placement in the subject view, nor their sequence
before or after the “between” symbol have any bearing on which portion of the feature is concerned.
Wherethe profile outline closes uponitself, asin Fig. 5-139, the terminating points divide the outlineinto
two portions, both of which can beinterpreted as“ between” the pair of points. Thetolerance appliesonly
to the portion having a leader from the feature control frame. A more complex profile outline having
multiple feature control frameswith more than two terminating points might require morecarein clarifying
the extents of the zones.
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Figure 5-139 Profile “between” points

If, by using any of the abovetechniques, aprofiletoleranceisextended to include asharp corner, the
boundary linesfor each adjacent surface are extended to intersect. |n some designs, theintersection of the
zones may not provide adequate control of the corner radius. A separateradiustolerance (asdescribedin
section 5.8.10) may be applied as arefinement of the profile control.
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5.13.10 Abutting Zones

Abutting profile tolerance zones having boundaries with dissimilar offsets can impose weird or even
impossible constraints on the surface. For example, if azone unilaterally offset in one direction abuts a
zone unilaterally offset in the other direction, the transition between zones has zero width. Where zones
intersect at a corner, the surface radius could have concave, convex, and straight portions. A designer
must carefully consider what the surface contour will be through the transition.

Remember that manufacturing variation tends to be equal/bidirectional, and that tool path program-
merstarget the mean of the tolerance zone. Thus, where the designer makes anarrow unilateral zone abut
amuch wider unilateral zone, the tool path within the wider zoneis“programmer’ s choice.” The program-
mer might choose to do one of the following.

* Keep thetool path consistently close to the basic profile, discarding tolerance in the wider zone.
* Makean abrupt step in the surface to always follow the median.

* Make atapered transition to the median.

Since none of the choices are completely satisfactory, we have one more reason to try to use equal-
bilateral tolerance zones.

5.13.11 Profile Tolerance for Combinations of Characteristics

By skillfully manipulating tolerance values and datum references, an expert designer can use profile
tolerancing to control asurface' sform, orientation, and/or location. That’sdesirablewhere other types of
tolerances, such as size limits, flatness, and angularity tolerances are inapplicable or awkward. For ex-
ample, in Fig. 5-140, the profile tolerance controls the form of a conical taper. The reference to datum A
additionally controlsthe cone’ sorientation, and the reference to datum B controlsthe axial location of the
cone relative to the end face. In this case, size limits are useless, but a single profile tolerance provides
simple and elegant control. In other cases where more specialized controls will work just fine, it’susually
less confusing if the designer applies one or more of them instead.

™[.005]AB|

Figure 5-140 Profile tolerancing to
control a combination of characteristics

5.13.11.1 With Positional Tolerancing for Bounded Features

Profile tolerancing can be teamed with positional tolerancing to control the orientation and location of
bounded features having opposing elements that partly or completely enclose a space. See section
511.6.3.
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5.13.12 Patterns of Profiled Features

The principlesexplained in sections 5.11.7 through 5.11.7.5 for controlling patterns of features of size can
be extended to patterns of profiled features. Rather than aframework of Level 4 virtual condition bound-
aries, aprofile tolerance applied to a feature pattern establishes aframework of multiple profile tolerance
zones. Within thisframework, the orientation and location of all the zones arefixed relativeto one another
according to the basic dimensions expressed on the drawing.

5.13.12.1 Single-Segment Feature Control Frame

Where feature “size,” form, orientation, location, and feature-to-feature spacing can all share a single
tolerance value, asingle-segment profilefeature control frameisrecommended. Fig. 5-141 showsapattern
of three mounting feet controlled for coplanarity. All points on all threefeet shall be contained between a
pair of parallel plane boundaries. This effectively controlsthe flatness of each foot aswell asthe copla-
narity of all three together to prevent rocking. (A flatness tolerance would apply to each foot only on an
individual basis.)

Drawing £].080
3 SURFACES

Part

080 ]_
— Figure 5-141 Profile tolerance to
control coplanarity of three feet

5.13.12.2 Composite Feature Control Frame

A composite feature control frame can specify separate tolerances for overall pattern location and spac-
ing. The few differencesin symbology between composite positional and composite profile controls are
obviouswhen comparing Fig. 5-119 with Fig. 5-142. The composite profile feature control frame contains
asingleentry of the“ profile of asurface” symbol. The upper segment establishesaframework (PLTZF) of
wider profiletolerance zonesthat are basically |ocated and oriented rel ative to thereferenced datums. The
lower segment provides a specialized refinement within the constraints of the upper segment. It estab-
lishes aframework (FRTZF) of comparatively narrower zonesthat are basically oriented, but not |ocated,
relative to the referenced datums. All the rules given in section 5.11.7.3 governing datum references,
tolerance values, and simultaneous requirements apply for composite profile tolerances as well.
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5.13.12.3 Stacked Single-Segment Feature Control Frames

Whereit’ snecessary to specify different location requirementsfor apattern of profiled featuresrelativeto
different planes of the DRF, stacked single-segment profile feature control frames may be applied as
describedin section 5.11.7.4. Each of the stacked feature control frames establishesaframework of profile
tolerance zones that are basically located and oriented relative to the referenced datums. There is no
explicit congruence requirement between the two frameworks. But, if features are to conform to both
tolerances, tolerance zones must overlap to some extent. All therulesgivenin section 5.11.7.5 governing
datum references, tolerance values, and simultaneous regquirements apply for stacked single-segment
profile tolerances as well.

5.13.12.4 Optional Level 2 Control

For features of size such as holes, size limits or tolerances and Rule #1 specify Level 2 form control. For
profiled features, each profile tolerance zone provides a degree of Level 2 control (for feature “size” and
form). However, where no pattern-controlling tolerance provides adequate Level 2 control, a separate
profile tolerance may be added above and separated from the pattern-controlling frame(s). In Fig. 5-143,
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the profile tolerance of .010 establishes a discrete profile tolerance zone for each individual feature. As
with the Level 2 size limit boundaries for holesin a pattern, there is no basic relationship between these
Level 2 profile zones. They are all freeto float relative to each other and relative to any datums. (Note: If
the Level 2 feature control frame were added as a third segment of the composite control, the Level 2
profile zoneswould be basically related to each other.) Of course, the Level 2 tolerance must be lessthan
any pattern-controlling tolerances to have any effect.

5.13.13 Composite Profile Tolerance for a Single Feature

For features of size, different characteristic symbols denote the four different levels of control. But, for
irregularly shaped nonsize features, the same “profile of asurface” symbol isused for each level. In Fig.
5-144, for example, we want to refine abounded feature’ s orientation within the constraints of itslocating
tolerance. Simply stacking two single-segment profile feature control frames would be confusing. Many
people would question whether the .020 tolerance controls location relative to datum B. Instead, we've
borrowed from pattern control the composite feature control frame containing asingleentry of the“profile
of asurface” symbol. Though our “pattern” has only one feature, the tolerances mean the same.
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Figure 5-144 Composite profile tolerance for a single feature

In Fig. 5-144, the upper segment establishes a.080 wide profile tolerance zone basically located and
oriented relative to the DRF A|B|C. The lower segment provides a specialized refinement within the con-
straints of the upper segment. It establishes a.020 wide zone basically oriented, but not |ocated, relative
tothe DRF A|B. All therules given in section 5.11.7.3 governing datum references, tolerance values, and
simultaneous requirements apply for acomposite profile “ pattern of one.”

5.14 Symmetry Tolerance

Symmetry is the correspondence in size, contour, and arrangement of part surface elements on opposite
sides of aplane, line, or point. We usually think of symmetry as the twofold mirror-image sort of balance
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about a center plane shown in Fig. 5-145(a) and (b). There are other types as well. A three-lobe cam can
have symmetry, both the obvious twofold kind about a plane as shown in Fig. 5-145(c), and a threefold
kind about an axis as shown in Fig. 5-145(d). The pentagon shown in Fig. 5-145(e) has fivefold symmetry
about an axis. GD&T’'s symmetry tolerances apply at the lowest order of symmetry—the lowest prime
divisor of the number of sides, facets, blades, |obes, etc., that thefeatureis supposed to have. Thus, a27-
blade turbine would be controlled by threefold symmetry. For a hexagonal flange (six sides), twofold
symmetry applies. By agreement, a nominally round shaft or sphere is subject to twofold symmetry as
well.

5.14.1 How Does It Work?

The Math Standard describes in detail how symmetry tolerancing works. Generically, a symmetry toler-
ance prescribesthat adatum plane or axisis extended all the way through the controlled feature. See Fig.
5-146. From any single point on that datum within the feature, vectors or rays perpendicul ar to the datum
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Figure 5-146 Symmetry construction rays

are projected to intersect the feature surface(s). For common twofold symmetry, two rays are projected,
180° apart. From those intersection points, a median point (centroid) is constructed. This median point
shall lie within atolerance zone that is uniformly distributed about the datum.

If one of the construction rays hits a small dent in the surface, but an opposite ray intersects a
uniform portion of the surface, the median point might lie outside the tolerance zone. Thus, symmetry
tolerancing demandsthat any local “low spot” inthefeature surface be countered by another “low spot”
opposite. Similarly, any “high spot” must have a corresponding “high spot” opposite it. Symmetry
tolerancing primarily prevents “lopsidedness.”

As you can imagine, inspecting a symmetry tolerance is no simple matter. Generally, aCMM with
advanced software or adedicated machine with a precision spindle should be used. For an entire feature
to conformto its symmetry tolerance, all median points shall conform, for every possible ray pattern, for
every possible origin point on the datum plane or axis within the feature. Although it's impossible to
verify infinitely many median points, a sufficient sasmple (perhaps dozens or hundreds) should be con-
structed and eval uated.
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Figure 5-147 Symmetry tolerance about a datum plane

At the ends of every actual bore or shaft, and at the edges of every slot or tab, for example, the
terminating faces will not be perfectly perpendicular to the symmetry datum. Though one ray might
intersect apart surface at the extreme edge, the other ray(s) could just missand shoot off intotheair. This
also happens at any cross-hole, flat, keyseat, or other interruption along the controlled feature(s). Obvi-
ously then, unopposed points on the surface(s), as depicted in Fig. 5-147, are exempt from symmetry
control. Otherwise, it would beimpossible for any feature to conform.

5.14.2 How to Apply It

A symmetry tolerance is specified using afeature control frame displaying the characteristic symbol for
either “concentricity” (two concentric circles) or “symmetry about a plane” (three stacked horizontal
bars). See Figs. 5-146 through 5-148. The feature control frame includes the symmetry tolerance value
followed by one, two, or three datum references.

There' s no practical interaction between a feature’ s size and the acceptable magnitude of lopsided-
ness. Thus, material condition modifier symbols, MMC and LMC, are prohibited for all symmetry toler-
ances and their datum references.

5.14.3 Datums for Symmetry Control

Symmetry control requiresaDRF. A primary datum plane or axis usually arrests the three or four degrees
of freedom needed for symmetry control. All datum references shall be RFS.
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5.14.4  Concentricity Tolerance

Concentricity tolerancing of arevolute, asillustratedin Fig. 5-146, isone of themost common applications
of symmetry tolerancing. It’s specified by afeature control frame containing the “ concentricity” symbol.
In this special symmetry case, the datum isan axis. There are two rays 180° apart (colinear) perpendicular
tothedatum axis. Theraysintersect the feature surface at two diametrically opposed points. The midpoint
between those two surface points shall lie within a cylindrical tolerance zone coaxial to the datum and
having adiameter equal to the concentricity tolerance value.

At each cross-sectional slice, therevolving rays generate alocus of distinct midpoints. Astherays
sweep the length of the controlled feature, these 2-D loci of midpoints stack together, forming a 3-D
“wormlike” locus of midpoints. The entire locus shall be contained within the concentricity tolerance
cylinder. Don’'t confuse this 3-D locus with the 1D derived median line defined in section 5.6.4.2.

5.14.4.1 Concentricity Tolerance for Multifold Symmetry about a Datum Axis

Theexplanation of concentricity inY 14.5issomewhat abstruse becauseit’ salso meant to support multifold
symmetry about an axis. Any prime number of rays can be projected perpendicular from the datum axis,
provided they are coplanar with equal angular spacing. For the 3-lobe cam in Fig. 5-148, there are three
rays, 120° apart. A 25-blade impeller would require five rays spaced 72° apart, etc.

Drawing

Fart

-

Datum axis B3.012

TGC

Construction
rays

Figure 5-148 Multifold concentricity tolerance on a cam
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From the multiple intersection points, a centroid is then constructed and checked for containment
within thetolerance zone. The standards don’t specify how to derivethe centroid, but we recommend the
Minimum Radia Separation (MRS) method describedin ANSI B89.3.1-1972. Obvioudly, verificationiswell
beyond the capability of aninspector using multipleindicatorsand acal culator. Noticethat astheraysare
revolved about the datum axis, they intersect the surface(s) at vastly different distances from center.
Nevertheless, if the part istruly symmetrical, the centroid still remains within the tolerance cylinder.

5.14.4.2 Concentricity Tolerance about a Datum Point

The “concentricity” symbol can also be used to specify twofold or multifold symmetry about a datum
point. This could apply to a sphere, tetrahedron, dodecahedron, etc. In all cases, the basic geometry
definesthe symmetry rays, and centroids are constructed and eval uated. Thetolerance valueis preceded
by the symbol SA, specifying a spherical tolerance zone.

5.14.5 Symmetry Tolerance about a Datum Plane

The other symmetry symbol, having three horizontal bars, designates symmetry about aplane. Y 14.5cals
this application Symmetry Tolerancing to Control the Median Points of Opposed or Correspondingly-
Located Elements of Features. Despite this ungainly and nondescriptive label, symmetry tolerancing
about a plane works just like concentricity except for two differences: the symmetry datum is a plane
instead of an axis; and the symmetry can only be twofold. See Fig. 5-147. From any point on the datum
plane between the controlled surfaces, two rays are projected perpendicular to the datum, 180° apart
(colinear). Therays intersect the surfaces on either side of the datum. The midpoint between those two
surface points shall be contained between two parallel planes, separated by a distance equal to the
symmetry tolerancevalue. Thetwo tol erance zone planesare equal ly disposed about (thus, parallel to) the
datum plane. All midpoints shall conform for every possible origin point on the datum plane between the
controlled surfaces.

Astherayssweep, they generate alocus of midpointssubtly different from the derived median plane
defined in section 5.6.4.2. The symmetry rays are perpendicular to the datum plane, while the derived
median plane’ s construction lines are perpendicular to the feature’ s own center plane. It’s not clear why
the methods differ or whether the differenceis ever significant.

Symmetry tolerancing about aplane doesnot limit feature size, surfaceflatness, parallelism, or straight-
ness of surfaceline elements. Again, the objectiveisthat the part’ s mass be equally distributed about the
datum. Although asymmetry or concentricity tolerance provideslittle or noform control, it alwaysaccom-
panies a size dimension that provides some restriction on form deviation according to Rule #1.

5.14.6  Symmetry Tolerancing of Yore (Past Practice)

Until the 1994 edition, Y 14.5 described concentricity tolerancing asan “axis’ control, restraining a sepa-
rate“axis’ at each cross-section of the controlled feature. A definitionwas not provided for axis, nor was
there any explanation of how a two-dimensional imperfect shape (a circular cross-section) could even
have such athing. Assoon asthe Y 14.5 Subcommittee defined the term featureaxis, it realized two things
about the feature axis: it’ swhat ordinary positional tolerance RFS controls, and it has nothing to do with
lopsidedness (balance). From there, symmetry rays, median points, and worms evolved.

The" Symmetry Tolerance” of the 1973 edition was exactly the same as positional tolerance applied to
anoncylindrical feature RFS. (See the note at the bottom of Fig. 140 in that edition.) The three-horizontal
bars symbol was simply shorthand, saving draftsmen from having to draw circle-S symbols. Partly be-
cause of its redundancy, the “ symmetry tolerance” symbol was cut from the 1982 edition.
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5.14.7 When Do We Use a Symmetry Tolerance?

Under any symmetry tolerance, asurface element on one“side” of the datum can “do anything it wants”
just as long as the opposing element(s) mirrorsit. Thiswould appear to be useful for arotating part that
must be dynamically balanced. However, there are few such assemblies where GD& T alone can ad-
eguately control balance. More often, the assembly includes setscrews, keyseats, welds, or other attach-
ments that entail a balancing operation after assembly. And ironically, a centerless ground shaft might
have near-perfect dynamic balance, yet fail the concentricity tolerance because its out-of-roundness is
3-lobed.

FAQ: Couldanotebeadded to modify the concentricity tolerancefor a cylinder to 3-fold symmetry?
A: Sure.

FAQ: Can | use a symmetry tolerance if the feature to be controlled is offset (not coaxial or
coplanar) from the datum feature?

A: Nothing inthe standard prohibitsthat, either. Be sureto add a basic dimension to specify the
offset. Y ou may also need two or even three datum references.

FAQ: Sincearunout toleranceincludes concentricity control and is easier to check, wouldn't it
save money to replace every concentricity tolerance with an equal runout tolerance? We
wouldn’t need concentricity at all.

A: Though that isthe policy at many companies, there’ sanother way tolook at it. Let’sconsider
adesign where significant out-of-roundness can be tolerated aslong asit’s symmetrical. A
concentricity toleranceis carefully chosen. We can still use runout’s FIM method to inspect
abatch of parts. Of those conforming to the concentricity tolerance, all or most partswill pass
the FIM test and be accepted quickly and cheaply. Those few parts that fail the FIM inspec-
tion may be re-inspected using the formal concentricity method. The concentricity check is
more elaborate and expensive than the simple FIM method, but also more forgiving, and
would likely accept many of the suspect parts. Alternatively, management may decide it's
cheaper to reject the suspect parts without further inspection and to replace them. Thewaste
is calculated and certainly no worse than if the well-conceived concentricity tolerance had
been arbitrarily converted to arunout tolerance. The differenceisthis: If the suspect partsare
truly usable, the more forgiving concentricity tolerance offers a chance to save them.

5.15 Combining Feature Control Frames

In section 5.6, we defined four different levelsof GD& T control for featuresof size. Infact, thefour levels
apply for every feature.

Level 1: 2-D form at individual cross sections

Level 2: Addsthird dimension for overall form control

Level 3: Adds orientation control

Level 4: Addslocation control

For every feature of every part, a designer must consider all the design requirements, including
function, strength, assembl ability, life expectancy, manufacturability, verification, safety, and appearance.
The designer must then adequately control each part feature, regardless of its type, at each applicable
level of control, to assure satisfaction of all design requirements. For anonsize feature, asingle “ profile”
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or “radius’ tolerance will often suffice. Likewise, afeature of size might require nothing more than size
limits and a single-segment positional tolerance.

In addition to the design requirements listed, many companiesinclude cost considerations. In cost-
sensitive designs, this often means maximizing afeature’ stolerance at each level of control. The designer
must understand the controls imposed at each level by a given tolerance. For example, where aLevel 4
(location) tolerance has been maximized, it might not adequately restrict orientation. Thus, a separate
lesser Level 3 (orientation) tolerance must be added. Even that tolerance, if properly maximized, might not
adequately control 3-D form, etc. That’ swhy it’ s not uncommon to see two, or even three feature control
frames stacked for one feature, each maximizing the tolerance at adifferent level.

5.16 “Instant” GD&T

Y 14.5 supportsseveral general quasi-GD& T practicesasalternativesto the morerigorous methodswe' ve
covered. To befair, they’re older practices that evolved as enhancements to classical tolerancing meth-
ods. However, despite therefinement and proliferation of moreformal methods, the quasi-GD& T practices
areslow todieand you'll still see them used on drawings. Designers might be tempted to use one or two
of them to savetime, energy, and plotter ink. We'll explain why, for each such practice, wefeel that’ sfalse
economy.

5.16.1 The “Dimension Origin” Symbol

The “dimension origin” symbol, shown in Fig. 5-149, is not associated with any datum feature or any
feature control frame. It’s meant to indicate that a dimension between two featur es shall originate from
one of thesefeaturesand not the other. The specified treatment for the originating surfaceis exactly the
same asif it were a primary datum feature. But for some unfathomable reason, Y 14.5 adds, This concept
does not establish a datum referenceframe... The treatment for the other surface is exactly the same as
if it were controlled with aprofile of a surface tolerance. We explained in section 5.10.8 why this practice
ismeaninglessfor many angle dimensions. Prevent confusion; instead of the* dimension origin” symbol,
use a proper profile or positional tolerance.

1.121.03

Dimension origin symbol Figure 5-149 Dimension origin symbol

5.16.2 General Note to Establish Basic Dimensions

Instead of drawing the “basic dimension” frame around each basic dimension, a designer may designate
dimensions as basic by specifying on the drawing (or in a document referenced on the drawing) the
general notee UNTOLERANCED DIMENSIONS LOCATING TRUE POSITION ARE BASIC. This
could be extremely confusing where other untoleranced dimensions are not basic, but instead default to
tolerances expressed in atolerance block. Basic dimensions for angularity and profile tolerances, datum
targets, and more would still have to be framed unless the note were modified. Either way, the savingsin
ink are negligible compared to the confusion created. Just draw the frames.
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5.16.3 General Note in Lieu of Feature Control Frames

Y 14.5 statesthat linear and angular dimensions may berelated to aDRF without drawing afeature control
framefor each feature. [T]he desired order of precedence may be indicated by a note such as: UNLESS
OTHERWISE SPECIFIED, DIMENSIONS ARE RELATED TO DATUM A (PRIMARY), DATUM B
(SECONDARY), AND DATUM C (TERTIARY). However, applicabledatum referencesshall beincluded
in any feature control frames used. It’ s not clear whether or not this practice establishesvirtual condition
boundaries or central tolerance zonesfor the affected features, and if so, of what sizesand shapes. Aswe
explained in section 5.10.8, for some angle dimensions awedge-shaped zone is absurd.

Thehat trick of “instant” GD& T isto combinethe above two “instant basic dimensions” and “instant
datum references’ notes with an “instant feature control” note, such asPERFECT ORIENTATION (or
COAXIALITY or LOCATION OF SYMMETRICAL FEATURES) AT MMC REQUIRED FOR RELATED
FEATURES. This should somehow provide cylindrical or parallel-plane tolerance zones equivalent to
zero positional or zero orientation tolerancesat MMC for all “related features’ of size.

Throughout this chapter, we' ve emphasized how important it is for designers to consider carefully
and individually each feature to maximize manufacturing tolerances. Certainly, troweling on GD&T with
general notes does not require such consideration, although, neither does the practice preclude it. And
whilethere may be drawingsthat would benefit from consolidation and unification of feature controls, we
prefer to seeindividual, complete, and well-thought-out feature control frames.

5.17 The Future of GD&T

GD& T’ sdestiny isclearly hitched to that of manufacturing technology. Y ou wouldn’t expect to go below
deck on Star Trek’'s USS Enterprise and find a machine room with a small engine lathe and a Bridgeport
mill. Y ou might find instead some mind-bogglingly precise process that somehow causes a replacement
“Support, Dilithium Crystal” to just “materialize” out of a dust cloud or a slurry. Would Scotty need to
measure such apart?

Right now, the rapid-prototyping industry is making money with technology that’s only a couple of
generations away from being able to “materialize” high-strength partsin just that way. If such a process
were capable of producing partshaving precision at |east an order of magnitude more than what’ sneeded,
the practice of measuring parts would indeed become obsolete, as would the language for specifying
dimensional tolerances. Parts might instead be specified with only the basic geometry (CAD model) and
aprocess capability requirement.

History teaches us that new technology comes faster than we ever expected. Regardless of our
apprehension about that, history also reveal sthat old technol ogy lingers on longer than we expected. In
fact, the better the technology, the slower it dies. An excellent example is the audio Compact Cassette,
introduced to the world by Philips in 1963. Even though Compact Discs have been available in every
music store since 1983, about one-fourth of all recorded music is still sold on cassette tapes. We can
likewise expect material removal processes and some form of GD& T to enjoy widespread use for at |east
another two decades, regardless of new technology.

Initscurrent form, GD&T reflectsits heritage asmuch asitsaspirations. It evolved in relatively small
increments from widespread, time-tested, and work-hardened practices. Asgreat asitis, GD&T till has
much room for improvement. There have been countless proposals to revamp it, ranging from moderate
streamlining to total replacement. Don't suppose for one second that all such schemes have been hare-
brained. One plan, for example, would define part geometry just as a coordinate measuring machine sees
it—vectorially. Such a system could expedite automated inspection, and be simpler to learn. But does it
preclude measurementswith simpletoolsand disenfranchise manufacturers not having accesstoaCMM?
What about training? Will everyone haveto befluent in two totally different dimensioning and toleranc-
ing languages?
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Asof thiswriting, theinternational community is much morereceptiveto radical changethanthe US.
Europe is a hotbed of revolutionary thought; any daring new schemes will likely surface there first.
Americans can no longer play isolationism asthey could decades ago. Many US companies are engaged
in multinational dealswhereacommoninternational drawing standard ismandatory. Those companiesare
scarcely able to insist that standard be Y 14.5. There are always comments about “the tail wagging the
dog,” but the US delegation remains very influential in 1ISO TC 213 activity pertainingto GD&T. Thus, in
the international standards community, it's never quite clear where the tail ends and the dog begins.

Meanwhile, Americans are always looking for ways to simplify GD&T, to make their own Y 14.5
Standard thinner (or at least to slow itsweight gain). Y ou needn’t study GD& T long to realize that afew
characteristic symbols are capable of controlling many more attributes than some others control. For
example, a surface profile tolerance can replace an equal flatness tolerance. Why do we need the “flat-
ness’ symbol? Andif theonly difference between parallelism, perpendicularity, and angul arity isthebasic
angle invoked, why do we need three different orientation symbols? In fact, couldn’t the profile of a
surface characteristic be modified slightly to control orientation?

Theseare all valid arguments, and taken to the next logical step, GD& T could be consolidated down
to perhaps four characteristic symbols. And following in the same logic, down to three or two symboals,
then down to one symbol. For that matter, not even one symbol would be needed if it were understood that
each feature has default tolerance boundaries according to its type. The document that defines such
tolerance zones might have only thirty pages. Thiswould be GD&T at its |eanest and meanest! OK, so
why don't wedoit?

That argument assumesthat the complexity of adimensioning and tol erancing system isproportional
to the number of symbolsused. Imagineif English had only 100 words, but the meanings of those words
change depending on the context and the facial expression of the speaker. Would that be simpler? Easier
tolearn? No, because instead of learning words, a novice would have to learn all the rules and meanings
for each word just to say “Hello.” There' s alot to be gained from simplification, but there’ s also a huge
cost.

Infact, GD& T’ sevolution could be described as agradual shift from simplicity toward flexibility. As
users become more numerous and more sophisticated, they request that standards add coverage for
increasingly complex and esoteric applications. Consequently, most issues faced by the Y 14.5 committee
boil down to a struggle to balance simplicity with flexibility.

It simpossibleto predict accurately where GD& T is headed, but it seems reasonableto expect the Y 14.5
committee will continue to fine-tune a system that is rather highly developed, mature, and in widespread
international use. Radical changes cannot beruled out, but they would likely follow | SO activity. Beassured,
GD& T’ scustodia committees deeply contemplate the future of dimensioning and tolerancing.

Standards committee work is an eye-opening experience. Each volunteer meets dozens of colleagues
representing every sector of the industry, from the mainstream Fortune 500 giants to the tiniest outpost
ma-and-pamachine shops. GD& T belongs equally to all these constituents. Often, what seemed abrilliant
inspiration to one volunteer withers under the hot light of committee scrutiny. That doesn’t mean that
nothing can get through committee; it meansthere are very few clearly superior and fresh ideas under the
sun. Perhaps, though, you’ ve got one. If so, we encourage you to passit along to this address.

The American Society of Mechanical Engineers
Attention: Secretary, Y 14 Main Committee

345 East 47th Street

New York, NY 10017
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6.1 Dimensioning Standards

Dimensioning standards play a critical role in the creation and interpretation of engineering drawings.
They provide a uniform set of symbols, definitions, rules, and conventions for dimensioning. Without
standards, drawingswould not be able to consistently communicate the design intent. A symbol or note
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could beinterpreted differently by each person reading the drawing. It isvery important that the drawing
user understands which standards apply to adrawing before interpreting the drawing.

M ost dimensioning standards used inindustry are based on either the American Society of Mechanical
Engineers (ASME) or International Organization for Standardization (1SO) standards. Although these two
standards have emerged as the primary dimensioning standards, there are also several other standards
worldwide that are in use to a lesser degree. There is increasing pressure to migrate toward a common
international standard asthe world evolvestoward aglobal marketplace. (Reference 5)

This chapter introduces the various standards, briefly describes their contents, provides an over-
view of the originating bodies, and compares the Y 14.5M-1994 and | SO dimensioning standards.

6.1.1 US Standards

In the United States, the most common standard for dimensioning is ASME Y 14.5M-1994. The ASME
standards are established by the American Society of Mechanical Engineers, which publishes hundreds
of standards on varioustopics. A list of the ASME standards that are related to dimensioning is shown
inTable6-1.

Table 6-1 ASME standards that are related to dimensioning

STD
Number Title STD Date
Y145M Dimensioning and Tolerancing 1994
Y14.51M Mathematical Definition of Dimensioning and 194
Tolerancing Principles
Y14.8M Castings and Forgings 1996
Y14.32.1 Chassis Dimensioning Practices 1994

The ASME Y 14.5M-1994 Dimensioning and Tolerancing Standard coversall thetopicsof dimension-
ing andtolerancing. The Y 14.5 standard is 232 pages|ong and is updated about once every ten years. The
other Y 14 standards in Table 6-1 are ASME standards that provide terminology and examples for the
interpretation of dimensioning and tolerancing of specific applications.

Subcommittees of ASME create ASME standards. Each subcommittee consists of representatives
from industry, government organizations, academia, and consultants. Therearetypically 8to 25 members
on a subcommittee. Once the subcommittee creates a draft of a standard, it goes through an approval
process that includes a public review. (Reference 5)

6.1.2 International Standards

Outside the United States, the most common standards for dimensioning are established by the Interna-
tional Organization for Standardization (1SO). | SO isaworldwide federation of 40 to 50 national standards
bodies (1SO member countries). Thel SO federation publishes hundreds of standards on varioustopics. A
list of the SO standards that are related to dimensioning is shown in Table 6-2.
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Table 6-2 1SO standards that are related to dimensioning

STD
Number Title STD Date
128 Technical Drawings - General principles of presentation 1982
129 Technical Drawings - Dimensioning - General principles, 1985
definitions, methods of execution and special indications
406 Technical Drawings - Tolerancing of linear and angular dimensions 1987

Technical drawings - Geometrical tolerancing - Tolerances of
1101 form, orientation, location and runout - Generalities, definitions, 1983
symbols, indications on drawings

1660 Technical drawings - Dimensioning and tolerancing of profiles 1987

2692 T(?chﬁlcal drawings - Geometrical tolerancing - Maximum material 1988
principle

2768-1 General tolerances - Part 1: Tolerances for linear and angular 1989

dimensions without individual tolerance indications

2768-2 ereral tolerances - Pgrt 2 Tolerances for features without 1989
individual tolerance indications

2692 Amendment 1: Least material requirement 1992

3040 Technical drawings - Dimensioning and tolerancing - Cones 1990

5458 Technlc_al drawings - Geometrical tolerancing - Positional 1987
tolerancing
Technical drawings - Geometrical tolerancing - Datums and

5459 . 1981
datum system for geometrical tolerances

7083 Technlc_al drawmgs - Sy_mbols for geometrical tolerancing - 1983
Proportions and dimensions

8015 Technical drawings - Fundamental tolerancing principle 1985

10209-1 Technical product documentation vocabulary - Part 1: Terms 1992

relating to technical drawings - General and types of drawings

10578 Tec.hnlcal drawings - Tolerancing of orientation and location - 1992
Projected tolerance zone

10579 Technical drawings - Dimensioning and tolerancing - Non-rigid 1993
parts

13715 Technical drawings - Corners of undefined shape - Vocabulary 1997

and indication on drawings
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The I SO standards divide dimensioning and tol erancing into topic subsets. A separate | SO standard
covers each dimensioning topic. The standardsaretypically short, approximately 10to 20 pagesin length.
When using the 1SO standards for dimensioning and tolerancing, it takes 15 to 20 standards to cover all
the topicsinvolved.

Thework of preparing international standardsisnormally carried out through 1SO technical commit-
tees. Each country interested in a subject for which atechnical committee has been established has the
right to berepresented on that committee. |nternational organizations, governmental and nongovernmen-
tal, in liaison with 1SO, also take part in the work. The 1SO standards are an agreement of major points
among countries. Many companies (or countries) that use the SO dimensioning standards also have
additional dimensioning standards to supplement the SO standards.

A Draft International Standard is prepared by the technical committee and circulated to the member
countriesfor approval before acceptance asan international standard by the | SO Council. Draft Standards
are approvedinaccordancewith I SO proceduresrequiring at | east 75% approval by the member countries
voting. Each member country has one vote. (Reference 5)

6.1.2.1 I1SO Geometrical Product Specification Masterplan

Many of the | SO standardsthat are rel ated to dimensioning contain duplications, contradictions and gaps
in the definition of particular topics. For instance, Tolerance of Position is described in at least four SO
standards (#1101, 2692, 5458, 10578).

The SO technical report (#TR 14638), Geometrical Product Specification (GPS) - Masterplan, was
published in 1995 as a guideline for the organization of the | SO standards and the proper usage of the
standards at the appropriate stage in product development. The report contains a matrix model that
defines the relationship among standards for particular geometric characteristics (e.g., size, distance,
datums, and orientation) in the context of the product development process. The product development
processisdefined asachain of six links (Chain Link 1-6) that progresses through design, manufacturing,
inspection and quality assurance for each geometric characteristic. The intent of the matrix model is to
ensure acommon understanding and eliminate any ambiguity between standards. The general organiza-
tion of the matrix model isshown in Table 6-3. (Reference 3)

Table 6-3 Organization of the matrix model from ISO technical report (#TR 14638)

The Global GPS Standards

GPS standards or related standards that deal with or influence
several or all General GPS chains of standards.

The General GPSMatrix
Fundamental )
GPS 18 General GPS Chains of Standards
Standards

Complementary GPS Matrix
Complementary GPS Chains of Standards

A. Process Specific Tolerance Standards

B. Machine Element Geometry Standards
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6.2 Comparison of ASME and ISO Standards

Most worldwide dimensioning standards used in industry are based on either the ASME or SO dimen-
sioning standards. These two standards have emerged as the primary dimensioning standards. In the
United States, the ASME standard is used in an estimated 90% of major corporations.

The ASME and 1SO standards organizations are continually making revisions that bring the two
standards closer together. Currently the ASME and | SO dimensioning standards are 60 to 70% common.
It is predicted that in the next five years the two standards will be 80 to 90% common. Some industry
experts predict that the two dimensioning standardswill be merged into asingle common standard some-
timein the future. (Reference 5)

6.2.1 Organization and Logistics

An areaof difference between ASME and | SO standardsisin the organization and | ogi stics of documen-
tation. With regards to the approach to dimensioning in the ASME and 1SO standards, the ASME
standard uses product function as the primary basis for establishing tolerances. Thisis supported with
numerous illustrated examples of tolerancing applications throughout the ASME standard. The 1SO di-
mensioning standard is more theoretical in its explanation of tolerancing. It contains alimited number of
generic examplesthat explain the interpretation of tolerances, with functional application alesser consid-
eration. Table 6-4 summarizes the differences between standards. (Reference 5)

Table 6-4  Differences between ASME and ISO standards

Item ASME Y 14.5M-1994 1SO

Approach to Functional Theoretical

dimensioning

Level of explanation Thorough explanation and Minimal explanations, select

complementary illustrations examples

Number of standards Single standard Multiple Standards (15-20 separate
publications)

Revision frequency About every ten years Select individual standards change
yearly

Cost of standards Less than $100 USD $700 - $1000 USD

6.2.2 Number of Standards

The ASME and SO organizations have a significantly different approach to documenting dimensioning
andtolerancing standards. ASM E publishesasinglestandard that explainsall dimensioning and tolerancing
topics. 1 SO publishes multiple standards on subsets of dimensioning and tolerancing topics. Therelative
advantages and disadvantages of each approach are presented in Table 6-5. (Reference 5)

6.2.3 Interpretation and Application

Thedifferencesin drawing interpretation and application as defined by the ASME and | SO standards are
important to the user of dimensioning and tol erancing standards. Differences between thetwo standards,
summarized in Tables 6-6 through 6-13, are organized into the following eight categories:

1. General: Tables 6-6 A through 6-6 F 5. Tolerance of Position: Tables 6-10 A through 6-10 D

2. Form: Tables 6-7 A through 6-7 B 6. Symmetry: Table 6-11

3. Datums: Tables 6-8 A through 6-8 D 7. Concentricity: Table 6-12

4. Orientation: Tables 6-9 8. Profile: Tables6-13 A through 6-13 B
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Table 6-5 Advantages and disadvantages of the number of ASME and ISO standards

Standard

Advantages

Disadvantages

ASME Y 14.5M-1994
Single Sandard

All the information on dimensioning
and tolerancing is contained in one
document.

A larger document takes more time to
create and revise than does a shorter
document.

Relatively infrequent revisions allow
industry to thoroughly integrate the
standard into the workforce.

If an error isin the document, it will
be around for along time.

Ensures that the terms and concepts
are at the same revision level at the
time of publication.

Easy to specify and understand which
standards apply to a drawing for
dimensioning and tolerancing.

1O
Multiple Standards

Shorter documents can be created and
revised in less time than alonger
document.

Industry needs adequate time to
integrate new standards into the
workforce. Training, software
development, and multiple standards
al require time to address.

Additional topics can be added
without revising all the existing
standards.

New or revised standards may
introduce terms or concepts that
conflict with other existing standards.

Multiple standards have multiple
revision dates.

Can be difficult to determine which
standards apply to adrawing.

One belief isthe 1SO standards that

are in effect on the date of the drawing
are the versions that apply to the
drawing. This method isindirect, and
many drawing users do not know
which standards are in effect for a
given date.

Differencesinclude those of interpretation, items or allowancesin one standard that are not
allowed in the other, differencesin terminology and drawing conventions.

6.2.3.1 ASME

The ASME standard referenced in Tables 6-6 through 6-13 is ASME Y 14.5M-1994. The number in the
parenthesesrepresentsthe paragraph number from 'Y 14.5M-1994. For example, (3.3.11) refersto paragraph
33.11inASME Y 14.5M-1994.

6.2.3.2 I1SO

The I SO standards referenced in Tables 6-6 through 6-13 are:
1SO 1101-1983 1SO 8015-1985 1SO 10578-1992 1SO 1660-1987
ISO 5458-1987 1SO 10579-1993 1SO 2692-1988 ISO 5460-1985
1SO 129-1985 ISO 2768-1989 ISO 5459-1981

Thenumbersin the parentheses represent the standard and paragraph number. For example, (#1101.14.6)
refersto 1SO 1101, paragraph 14.6.



Table 6-6A General

General

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

All around

_ei—Symbol

Symbolic means of indicating that a tolerance
applies to surfaces all around the part in the view
shown. (3.3.18)

None

Use a note

Basic dimension

[ ]

Basic dimension (1.3.9)

[ ]

Theoretically exact dimension (#1101,10)

Symbolic means of indicating that a tolerance
applies to a limited segment of a surface between

Between > designated extremities. (3.3.11) None Use anote
Tolerance zone defined by two arcs ( the minimum
and maximum radii) that are tangent to the adjacent
surfaces. The part contour must be a fair curve
X without reversals. Radii taken at all points on the
Controlled radius CR part contour must be within size limits. (2.15.2) None Use a note
Symbolic means of indicating a counterbore or
spotface. The symbol precedes, with no space, the
Counterbore / Spotface dimension of the counterbore or spotface. (3.3.12) None Use a note
Symbolic means of indicating a countersink. The Dimensioned by showing either the required
) symbol precedes, with no space, the dimension of diametral dimension at the surface and the included
Countersink the countersink. (3.3.13) None angle, or the depth and the included angle. (#129,

6.4.2)

spJepuels Jayl0 pue spiepuris SN Usamlag saduslaid

L-9



Table 6-6B General

General

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Depth / Deep

T

Symbolic means of indicating that a dimension
applies to the depth of a feature. (3.3.14)

None

Use anote

Diameter symbol usage

%

Diameter symbol precedes all diametral values.

(1.8.1)

Diameter symbol may be omitted where the
shape is clearly defined. (#129, 4.4.4)

Extension (Projection)
lines

Extension lines start with a short visible gap
from the outline of the part (1.7.2)

Extension lines start from the outline of the part
without any gap. (#129,4.2)

Feature control frame

[ T T]

Feature control frame (3.4)

Tolerance frame (#1101, 5.1)

Feature control frame
placement

Feature: leader line drawn to the surface of the
toleranced feature. (6.4.1.1.1)

Feature of size: (To control axis or median
plane) feature control frame is associated with
the feature of size dimension. (6.4.1.1.2)

N

Feature: Tolerance frame connection to the
toleranced feature by a leader line drawn to
toleranced feature or extension of the feature
outline. (#1101,6)

Feature of size: (To control axis or median
plane) Tolerance frame connection to the
toleranced feature as an extension of a
dimension line. (#1101,6)

Feature control frame
placement

1
T l_l 1

%1
LT ]
[

Common nominal axis or median plane: Each
individual feature of size is toleranced
separately.

Note: Direction of arrow of leader line is not
important.

2

Common nominal axis or median plane:
Tolerance applies to the axis or median plane of
all features common to the toleranced axis or
median plane.

Note: Direction of arrow of leader line defines
the direction of the tolerance zone width.
(#1101, 7)

8-9
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Table 6-6C General

General

Reprinted by permission of Effective Training Inc.

Concept/Term

ASME Y14.5M-1994

ISO

SYMB OL OR EXAMPLE

SYMBOL OR EXAMPLE

When the note "ISO-2768-(*)" appears on a
drawing a set of general tolerances are invoke d
for linear and angular dimensions without
individual tolerances shown.(#2768,4,5)

Unless otherwise stated, workpieces exceeding

from the decimal fraction (1.6.3)

General tolerances General tolerances are not covered in Y14.5. 1SO 2768-(*) the general tolerance shall not lead to
automatic rejection provided thatthe ability of
the workpiece to function is not
impaired .(#2768 ,6)

*M,F,C,V * A letter is shown to denote which set of
tolerances apply from the standard.

Non-igid parts do not require a designation. Non-rigid parts shall include the following

(6.8) indications as appropriate:

) A."ISO 10579-NR" designation in or near the

Restraint note may be used for measurement of title block.

tolerances. (6.8.2) B. Inanoate, the conditions under which the part

" “ ; shall be restrained to meet the drawing

riqi AVG" denotes average diameter for a form .

Non-rigid part None control verified in the free state. (6.8.3) ISO 10578-NR requirements.

C. Geometric varations allowed in the free state

A® free state symbol may be used to denote (by using ®)

a tolerance is checked in the free state (6.8.1) D. The conditions under which the geometric
tolerances in this free state are achieved, such
as direction of gravity, orie ntation of the part,
etc.

Numerical notation XX Decimal point () separates the whole number X.X Comma (,) separates the whole number from

the decimal fraction.
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Table 6-6D General

General

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Radius

A radius is any straight line extending from the
center to the periphery of a circle or sphere
(2.15)

Flats and reversals are allowed on the surface
of aradius.

No formal definition in ISO standards.

Reference dimension

()

Reference dimension (1.3.10)

Auxiliary dimension (#129,3.1.1.3)

Regardless of feature
size (RFS)

None
Default per Rule #1

Rule #2, All applicable geometric tolerances:
RFS applies, with respect to the individual
tolerance, datum reference, or both, where no
modifying symbol is specified. (by default) (2.8)

©®

Rule #2a, For a tolerance of position, RFS may
be specified on the drawing with respect to the

individual tolerance, datum reference, or both,

as applicable. (2.8)

None
Default

RFS by default (no exceptions) (#8015,5.2)

Screw threads

None

Pitch diameter rule: Each tolerance of
orientation or position and datum reference
specified for a screw thread applies to the axis
of the thread derived from the pitch cylinder.
(2.9, 2.10, 4.5.9)

None

None

XIS J81deyd  0T1-9



Table 6-6E General

General

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Size / form control

None
Default per Rule #1

Rule #1 (Taylor Principle): Controls both size
and form simultaneously. The surface or
surfaces of a feature shall not extend beyond a
boundary (envelope) of perfect form at MMC.
Exceptions: stock, such as bars, sheets, tubing,
etc. produced to established standards; parts
subject to fre e state variation in the
unrestrained condition.

Rule #1 holds for all engineering drawings
specifying ANSI/ASME standards unless
explicitly stated that Rule #1 is not re quired
(271-272)

®

Principle of Independency: (ISO Default) Size
control only - no form control. Form tolerance
is additive to size tolerance. (#8015,4)
Envelope Principle: Optional ISO specification
with note/symbo| equals ASME Rule #1.
Envelope principle can be invoked for entire
engineering drawings by stating such in a
general note or title block; envelope principle
can be applied to individual dimensions with
the application of the appropriate symbol: an
encircled capital letter é . (#8015,6)

Square symbol usage

Symbol precedes the dimension with no space.
(3.3.15)

Square symbol may be omitted where the
shape is clearly defined. (#129, 4.4.4)

Statistical tolerance

Assigning of tolerances to related components
of an assembly on the basis of sound statistics.
(2.16) Symbolic means of indicating that a
tolerance is based on statistical tolerancing. An
additional note is require d on the drawing
referencing SPC. (3.3.10)

None

None

spJepuels JaylO pue spiepuels SN Usamlag saduaialid

TT-9



Table 6-6F General

General

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Tangent plane modifier

Where it is desired to control a feature surface
established by the contacting points of that
surface, the tangent plane symbol is added in
the feature control frame after the stated
tolerance. (6.6.1.3)

None

None

Tolerance zones

Tolerance zone

The direction of the width of the tolerance zone
is always normal to the nominal geometry of the

part.

[ZT 01 ]2

The width of the tolerance zone is in the
direction of the arrow of the leader line joining
the tolerance frame to the toleranced feature,
unless the tolerance value is preceded by the
sign 4. (#1101, 7.1)

The default direction of the width of the
tolerance zone is always normal to the nominal
geometry of the part. The direction and width of
the tolerance zone can be specified (#1101,
7.2-7.3)

View projection

© =

Third angle projection (1.2)

First angle projection (#128)

Z¢1-9
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Table 6-7A Form

Form

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Flatness

(=105 ]

TWO SURFACES

Flatness can only be applied to a single
surface. (6.4.2)

(Profile is used to control flatness / coplanarity
of multiple surfaces (6.5.6.1))

fr

COMMON ZONE
[=] o1 ]

A

PT

Flatness can be applied to a single surface or
flatness can have a single tolerance frame
applied to multiple surfaces simultaneously.
(#1101, 7.4)

Flatness can have a single tolerance frame with
toleranced feature indicators. (#1101, 7.4)

Use of COMMON ZONE above the tolerance
frame is used to indicate that a common
tolerance zone is applied to several separate
features. (#1101, 7.5)
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Table 6-7B Form

Form

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Form qualifying notes

No examples shown

[=]o. |

NOT CONVEX

NOT CONVEX

r=in

NOT CONVEX / NOT CONCAVE: Indications
qualifying the form of the feature within the
tolerance zone shall be written near the
tolerance frame and may be connected by a
leader line (#1101, 5.3)

Only allowed for geometrical tolerances without

If a smaller tolerance of the same type is added
to the tolerance on the whole feature, but

datum references. Straightness (6.4.1.1.4)
04 0.1 X . .
_ Vi ’ A restricted over a limited length, the restrictive
s 0.1/25 Flatness (6.4.2.1.1) 0.05/200 tolerance shall be indicated in the lower
Restrictive tolerance , compartment, (#1101,9.2)
Restricitve tolerances are allowed for
geometrical toelrances with datum references.
28 Straightness can be applied to a planar feature
2.4 of size. The tolerance zone is two parallel
[—To2®] planes. Each line element of the centerplane of
Straightness applied to a the toleranced feature of size must lie within the
None None

planar feature of size

tolerance zone. (6.4.1.1)

XIS J81deyd  #1-9



Table 6-8A Datums

Datums

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Centerpoint of a circle as
adatum

None

None

A line element of the cylinder is used as the
datum. (#5460, 5.3.1)

Common axis formed by
two features

[]

S

A single datum axis may be established by two
coaxial diameters. Each diameter is designated
as a datum feature and the datum axis applies
when they are referenced as co-datums (A-B).
(4.5.7.2)

A common axis can be formed by two features
by placing the datum symbol on the centerline
of the features.(#1101,8.2)

(The Y14.5 method shown may also be used.)

spJepuels JaylO pue spiepuels SN Usamlag saduaialid
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Table 6-8B Datums

Datums

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Datum axis

& XX—

Datum symbol is placed on the
extension line of a feature of size.

OR

Placed on the outline of a cylindrical
feature surface or an extension line of
the feature outline, separated from the
size dimension.

OR

Placed on a dimension leader line to
the feature of size dimension where no
geometrical tolerance is used.

OR

Attached above or below the feature
control frame for a feature or group of
features.

@

& ==

[]

4

Datum symbol is placed on the
centerline of a feature of size.

OR

Placed on the outline of a cylindrical
feature surface or an extension line of
the feature outline, separated from the
size dimension.

9T1-9

XIS Jaideyd



Table 6-8C Datums

Datums

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Datum letter specified /
implied

Datum letter must be specified. (3.3.2)

715z}
[

If the tolerance frame can be directly connected
with the datum feature by a leader line, the
datum letter may be omitted. (#1101, 8.3)

Datum sequence

Primary, Secondary, or Tertiary must be
specified. (4.4)

Primary, Secondary, Tertiary
Ambiguous order allowed when datum
sequence not important. (#1101, 8.4)

Datum target line

Phantom line on direct view. Target point
symbol on edge view. Both applications can be
used in conjunction for clarity. (4.6.1.2)

X—X

Target point symbol on edge view. Two
crosses connected by a thin continuous line
(direct view). (#5459, 7.1.2)

surface as a datum

plane datum reference frame. (4.5.10.1)

Generating line as a None None A line element of the cylinder is used as the
datum —-—] | datum. #5460,5.3.1)

i X Any compound geometry that can be
Mathematically defined None mathematically defined and related to a three None None

spJepuels JaylO pue spiepuels SN Usamlag saduaialid
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Table 6-8D Datums

Datums

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Median plane

s

Datum symbol placed on the extension line of a
feature of size.

OR
Placed on a dimension leader line to the feature
of size dimension where no geometrical
tolerance is used.

OR

Attached above or below the feature control
frame for a feature or group of features.

(3.3.2)

Datum symbol is placed on the median
plane. (#1101, 8.2)

OR
Placed on the extension line of a feature of

size. (#1101, 8.2)

~
W

4 Holes

A&l oos@[ale] o]

Attached to the tolerance frame for a group
of features as the datum. (#5459, 9)

Virtual condition datum

In Y14.5, the virtual condition of the datum axes
includes the geometrical tolerance at MMC by
default even though the MMC symbol is not
explicitly applied. (4.5.4)

ISO practices that the datum axes should
be interpreted as specified. Therefore if the
virtual condition of the datum axes is to
include the affect of the geometrical
tolerance at MMC, the symbol must be
explicitly applied to the tolerance.

8T-9
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Table 6-9 Orientation

Orientation

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Angular tolerances

Bg

Angular tolerance controls both the
general orientation of lines or line
elements of surfaces and their form. All
points of the actual lines or surface must
lie within the tolerance zone defined by
the angular tolerance. (2.12)

All surface elements must be within the
tolerance zone. (2.12)

Angular location optional

Angular tolerance controls only the
general orientation of line elements of
surfaces but not their form. The general
orientation of the line derived from the
actual surface is the orientation of the
contacting line of ideal geometrical form.
The maximum distance between the
contacting line and the actual line shall
be the least possible. (#8015, 5.1.2)

Plane formed by the high points of the
surface must be within the tolerance
zone. (#8015, 5.1.2)
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Table 6-10A Tolerance of Position

Tolerance of Position

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Composite positional
tolerance

&0.5
$ 0.1 AlB

A composite application of positional
tolerancing for the location of feature patterns
as well as the interrelation (position and
orientation) of features within these patterns.
(5.4.1)

The upper segment controls the location of the
toleranced pattern. The lower segment controls
the orientation and spacing within the pattern.

o]

C

o2 8L

>
W

When atolerance frame is as
shown, it is interpreted as two
separate requirements.

Extremities of long holes

12.8
8x
¢12.5

[8[Bost[Aa[B[C]

AT SURFACE C

EIERCIREE

AT SURFACE D

Different positional tolerances may be specified
for the extremities of long holes; this establishes
a conical rather than a cylindrical tolerance
zone.

None

None

Flat surface

None

None

L]
4| 005 |A BHL

Tolerance zone is limited by two
parallel planes 0,05 apart and
disposed symmetrically with
respect to the theoretically exact

position of the considered surface.

(#1101, 14.10)
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Table 6-10B Tolerance of Position

Tolerance of Position

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Tolerance zone is limited by two
parallel straight lines 0,05 apart
and disposed symmetrically with
respect to the theoretically exact

tolerance zone

6X M20 X2-6H

IR EIREE

For clarification, the projected tolerance
zone symbol may be shown in the
feature control frame and a zone height
dimension indicated with a chain line on
a drawing view. The height dimension
may then be omitted from the feature
control frame. (2.4.7)

EALEAIRNE

Line None None position of the considered line if
the tolerance is specified only in
one direction (#1101, 14.10)
8][s
Only when applied to control a spherical 203 Tolerance zone is limited by two
feature. (5.2) . parallel straight lines 0,3 apart and
disposed symmetrically with
Spherical tolerance zone. (5.15) respect to the theoretically exact
Point | '$’ |S[25 0.8 | A | B | position of the considered line if
the tolerance is specified only in
one direction (#1101, 14.10)
100
6X M20 X2-6H The projected tolerance zone symbol is The projected tolerance zone is
[ 204 @ O 35]a]s]c] | placed in the feature control frame along indicated on a drawing view with
with the dimension indicating the the (&) symbol followed by the
minimum height of the tolerance zone. projected dimension: represented
(3.4.7) by a chain thin double-dashed line
in the corresponding drawing view,
Projected and indicated in the tolerance

frame by the symbol @) placed
after the tolerance value.
(#1101,11;#10578,4)
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Table 6-10C Tolerance of Position

Tolerance of Position

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Simultaneous gaging
requirement

Where two or more features or patterns
of features are located by basic
dimensions related to common datum
features referenced in the same order of
precedence and the same material
condition, as applicable, they are
considered as a composite pattern with
the geometric tolerances applied
simultaneously (4.5.12)

2120 +0,1

Groups of features shown on same axis
to be a single pattern (example has
same datum references) (#5458, 3.4)

4X B15

[&]20s5 [e[A]

Angular location optional

Unless otherwise stated by an
appropriate instruction. (#5458, 3.4)

¢c9
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Table 6-10D Tolerance of Position

Reprinted by permission of Effective Training Inc.

Tolerance of Position

ASME Y14.5M-1994 ISO

Concept/ Term

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Requirements for
application

&

Basic dimensions to specified datums, position
symbol, tolerance value, applicable material
condition modifiers, applicable datum
references (5.2)

&

Theoretically exact dimensions locate
features in relation to each other or in
relation to one or more datums.
(#5458, 3.2) (No chain basic of
dimensions necessary to datums.)

Tolerance of position
for a group of features

None

None

Separately-specified feature-relating tolerance,
using a second single-segment feature control
frame is used when each requirement is to be
met independently. (5.4.1)

Do not use composite positional tolerancing
method for independent requirements.

4x@ 6

[@[a0 ]

O/ LJ\
(D))
7

16+0.5 m
e

16+0.5

go2]v]z]

&
/ & |Bo2|a

M M

[25] [B0]
(NN

When the group of features is
individually located by positional
tolerancing and the pattern location by
coordinate tolerances, each
requirement shall be met
independently. (#5458, 4.1)

When the group of features is
individually located by positional
tolerancing and the pattern location by
positional tolerancing, each
requirement shall be met
independently. (#5458, 4.2)

True position

None

True position (1.3.36)

Theoretical exact position (#5458, 3.2)
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Table 6-11 Symmetry

Symmetry

Reprinted by permission of Effective Training Inc.

Concept / Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Symmetry

Can be applied to planar features of size.
The tolerance zone is two parallel planes that
control median points of opposed or
correspondingly-located elements of two or
more feature surfaces. (5.14)

Symmetry tolerance and the datum reference
can only apply RFS.

Can be applied to planar or diametrical features
of size. (#1101, 14.12)

The tolerance zone is two parallel planes.
Controls the median plane of the toleranced
feature. (#1101 14.12.1) (Equivalent to Y14.5
tolerance of position RFS)

OR
— The tolerance zone is two parallel straight lines
— (when symmetry is applied to a diameter in only
one direction) (#1101, 14.12.2)

OR
The tolerance zone is a parallelepiped (when
symmetry is applied to a diameter in two

directions) (#1101, 14.12.2)

Can be applied at MMC , LMC, or RFS.

Xis J81deyd  ¥2-9



Table 6-12 Concentricity

CO ncen t ri C i ty Reprinted by permission of Effective Training Inc.

ASME Y14.5M-1994 ISO
Concept/ Term
SYMBOL OR EXAMPLE SYMBOL OR EXAMPLE
Can be applied to a surface of revolution about Can be applied to a surface of revolution or
adatum axis. (5.12) circular elements about a datum axis.
Controls median points of the toleranced Controls the axis or centerpoint of the
Concentricity (Y14.5) @ feature. (5.12) @ toleranced feature. (#1101, 14.11.1)
Coaxiality (ISO
y( ) Can only apply RFS Can apply at RFS, MMC, or LMC. (#1101,
14.11.2, #2692, 8.2, #2692 Amd. 1, 4, fig B.4)

Table 6-13A Profile

P rofi I e Reprinted by permission of Effective Training Inc.

ASME Y14.5M-1994 ISO

Concept / Term
SYMBOL OR EXAMPLE SYMBOL OR EXAMPLE

Application to contral location of a profile

. . feature as well as the requirement of form,
Composite profile 08 [A]|B | c | orientation, and in some instances, the size
tolerance o o ! None Use a note
01 | A of the feature within the larger profile
: location tolerance zone. (6.5.9.1)
Direction of profile The tolerance zone is always normal to the The default direction of the width of the
tolerance zone true profile (6.5.3) tolerance zone is normal to the true profie,

howe ver the direction can be specified. (#1101,
7.2 - 7.3 see General: tolerance zones, p.7)

spJepuels JaylO pue spiepuels SN Usamlag saduaialid

GZ-9



Table 6-13B  Profile

Profile

Reprinted by permission of Effective Training Inc.

Concept/ Term

ASME Y14.5M-1994

ISO

SYMBOL OR EXAMPLE

SYMBOL OR EXAMPLE

Profile tolerance zone

For profile of a surface and line, the tolerance
value represents the distance between two
boundaries equally or unequally disposed about
the true profile or entirely disposed on one side
of the profile (6.5.3)

R 50

Bilateral tolerance
zone equal distribution

[[oe 7]

Bilateral tolerance zone
unequal distribution

Unilateral tolerance zone

EE
CIEEIE E

=, [om]

A

R 10

y

i

S#0,03

\

=]
EH
=]
(]

]
°
°
8

%ﬁ

E]

For profile of a surface - the tolerance zone
is limited by two surfaces enveloping
spheres of diameter t, the centers of which
are situated on a surface having the true
geometric form (#1101, 14.6)

For profile of a line - the tolerance zone is
limited by two lines enveloping circles of
diameter t, the centers of which are
situated on a line having the true geometric
form (#1101, 14.5)

In both cases the zone is equally disposed
on either side of the true profile of the
surface (#1660, 4.2)

9¢-9
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Theinformation contained in Tables 6-6 through 6-13 isintended to be aquick reference for drawing
interpretation. Many of the tables are incompl ete by intent and should not be used as a basis for design
criteriaor part acceptance. (References 2,3,4,5,7)

6.3 Other Standards

Although most dimensioning standards used in industry are based on either ASME or 1SO standards,
there are several other dimensioning and tolerancing standardsin use worldwide. Theseinclude national
standards based on 1 SO or ASME, US government standards, and corporate standards.

6.3.1 National Standards Based on ISO or ASME Standards

There are more than 20 national standards bodies (Table 6-14) and three international standardizing
organizations (Table 6-15) that publish technical standards. (Reference 6) Many of these groups have
developed geometrical standards based on the | SO standards. For example, the German Standards (DIN)
have adopted several |SO standards directly (1SO 1101, 1SO 5458, | SO 5459, 1SO 3040, 1SO 2692, and SO
8015), in addition to creating their own standards such as DIN 7167. (Reference 2)

Table 6-14 A sample of the national standards bodies that exist

Country National Standards Body

Australia Standards Australia (SAA)

Canada Standards Council of Canada (SCC)

Finland Finnish Standards Association (SFS)

France Association Francaise de Normalisation (AFNOR)
Germany Deutches I nstitut fur Normung (DIN)

Greece Hellenic Organization for Standardization (ELOT)
Ireland National Standards Authority of Ireland (NSAI)
Iceland Icelandic Council for Standardization (STRI)

Itay Ente Nazionale Italiano di Unificazione (UNI)
Japan Japanese Industrial Standards Committee (JISC)
Malaysia Standards and Industrial Research of Malaysia (SIRIM)
Netherlands Nederlands Nomalisatie-instituut (NNI)

New Zealand Standards New Zealand

Norway Norges Standardiseringsforbund (NSF)

Portugal Instituto Portugues da Qualidade (IPQ)

Saudi Arabia Saudi Arabian Standards Organization (SASO)
Slovenia Standards and Metrology Institute (SMIS)
Sweden SIS - Standardiseringeni Svergie (SIS)

United Kingdom British Standards Institute (BSI)

United States American Society of Mechanical Engineers (ASME)
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Table 6-15 International standardizing organizations

Abbreviation Organization Name
1SO International Organization for Standardization
IEC International Electrotechnical Commission
ITU International Telecommunication Union

6.3.2 US Government Standards

The United Statesgovernment isavery large organization with many suppliers. Therefore, using common
standardsisacritical part of being ableto conduct business. The United States government creates and
maintai ns standards for use with companies supplying parts to the government.

The Department of Defense Standard i s approved for use by departments and agencies of the Depart-
ment of Defense (DoD). The Department of Defense Standard Practice for Engineering Drawing Prac-
ticesis created and maintained by the US Army Armament Research Group in Picatinny Arsenal, New
Jersey. Thisstandard iscalled MIL-STD-100G. The“G” istherevision level. Thisrevision wasissued on
June 9, 1997. The standard is used on all government projects.

The Department of Defense Standard Practice for Engineering Drawings Practices (MIL-STD-
100G) references ASME and other national standards to cover a topic wherever possible. The ASME
Y 14.5M-1994 standard is referenced for dimensioning and tolerancing of engineering drawings that
reference MIL-STD-100G. (Reference 5)

The MIL-STD-100G contains a number of topicsin addition to dimensioning and tolerancing:

* Standard practicesfor the preparation of engineering drawings, drawing format and mediafor delivery
* Requirements for drawings derived from or maintained by Computer Aided Design (CAD)

¢ Definitions and examples of types of engineering drawings to be prepared for the DoD

* Proceduresfor the creation of titles for engineering drawings

* Numbering, coding and identification procedures for engineering drawings, associated lists and
documents referenced on these associated lists

* Locationsfor marking on engineering drawings

* Methodsfor revision of engineering drawings and methods for recording such revisions

* Requirementsfor preparation of associated lists

6.3.3 Corporate Standards

US and International standards are comprehensive documents. However, they are created as general
standards to cover the needs of many industries. The standards contain information that is used by all
types of industries and is presented in away that is useful to most of industry. However, many corpora-
tionshavefound the need to supplement or amend the standardsto makeit more useful for their particular
industry.

Often corporate dimensioning standards are supplements based on an existing standard (e.g., ASME,
1SO) with additions or exceptions described. Typically, corporate supplements include four types of
information:

* Choose an option when the standard offers several ways to specify atolerance.

* Discourage the use of certain tolerancing specifications that may be too costly for the types of
products produced in a corporation.
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* Include aspecial dimensioning specification that is unique to the corporation.
* Clarify aconcept, which is new or needs further explanation from the standard.

Often the Standards default condition for tolerancesis to a more restrictive condition regardless of
product function. Corporate standards can be used to revise the standards defaults to reduce cost based
on product function. An example of thisis the simultaneous tolerancing requirement in ASME Y 14.5M-
1994 (4.5.12). Therule creates simultaneous tol erancing as adefault condition for geometric controlswith
identical datum references regardless of the product function. Simultaneous tolerancing reduces manu-
facturing tolerances which adds cost to produce the part. Although, in some casesit may be necessary to
have thistype of requirement, it is often not required by the function of the part. Some corporate dimen-
sioning standards amend the ASME Y 14.5M-1994 standard so that the simultaneous tolerancing ruleis
not the default condition.

Another example of a corporate standard is the Auto Industry addendum to ASME Y 14.5M-1994.
In 1994, representatives from General Motors, Ford and Chrysler formed aworking group sanctioned by
USCARtocreatean Auto Industry addendumto Y 14.5M-1994. The Auto Industry addendum amendsthe
Y 14.5M-1994 standard to create dimensioning conventions to be used by the auto industry.

Many corporations are moving from using corporate standards to using national or international
standards. An addendum is often used to cover special needs of the corporation. The corporate dimen-
sioning addendums are often only a few pages long, in place of several hundred pages the corporate
standards used to be. (Reference 5)

6.3.4 Multiple Dimensioning Standards

Multiple dimensioning standards are problematic in industry for three reasons:

* Becausethereare several dimensioning standardsused inindustry, the drawing user must be cautious
to understand which standards apply to each drawing. Drawing usersneed to beskilled ininterpreting
several dimensioning standards.

* The dimensioning standards appear to be similar, so differences are often subtle, but significant.
Drawing users need to have the skillsto recognize the differences among the various standards and
how they affect the interpretation of the drawing.

* Notonly aretheredifferent standards, but there are multiplerevision datesfor each standard. Drawing

users need to be familiar with each version of a standard and how it affects the interpretation of a
drawing.

Therearefour stepsthat can betaken to reduce confusion on dimensioning standards. (Reference5)

1. Maintainor haveimmediate accessto alibrary of the various dimensioning standards. Thisappliesto
both current and past versions of standards.

2. Ensureeach drawing used is clearly identified for the dimensioning standards that apply.

3. Develop several employeesto befluent inthe variousdimensioning standards. These employeeswill
be the company experts for drawing interpretation issues. They should also keep abreast of new
developmentsin the standards field.

4. Trainal employeeswho use drawings to recognize which standard applies to each drawing.



6-30 Chapter Six

6.4 Future of Dimensioning Standards

Astheworld evolvestoward aglobal marketplace, thereisagreater need to create common dimensioning
standards. The authors predict asingle global dimensioning standard will evolve in the future.

Product development is becoming an international collaboration among engineers, manufacturers,
and suppliers. Members of a product development team used to be located in close proximity to one
another, working together to produce a product. In the global marketplace, collaborating parties geo-
graphically separated by thousands of miles, several timezones, and different languages, must effectively
define and/or interpret product specifications. Therefore it is becoming important to create a common
dimensioning and tolerancing standard to firmly anchor product specifications as drawings are shared
and used throughout the product lifecycle.

6.5 Effects of Technology

Technology hasinfiltrated all aspects of product development, from product design and development to
theinspection of manufactured parts. Computer Aided Design (CAD) hel psengineersdesign productsas
well as document and check their specifications. Coordinate M easuring Machines (CMMs) help inspect
geometric characteristics of parts with respect to their dimensions and tolerances while reducing the
subjectivity of hand gaging.

A single dimensioning standard would effectively increase the use and accuracy of automated tools
such as CAD and CMM. CAD software with automated GD& T checkers would require |ess maintenance
by computer programmers to keep standards information current if they were able to concentrate on a
single common standard.

To increase the use of automated inspection equipment such asa CMM, a more math-based dimen-
sioning and tolerancing standard isrequired. Only math-based standards are defined to the degree neces-
sary to eliminate ambiguity during the inspection process.

6.6 New Dimensioning Standards

One possible future for Geometric Dimensioning and Tolerancing is anew standard for defining product
specifications without symbols, feature control frames, dimensions or tolerances that can be read from a
blueprint. Instead, there may come atime when all current GD& T information can beincorporated into a
3-D computer model of the part. The computer model would be used directly to design, manufacture and
inspect the product. An ASME subcommitteeis currently working on standard Y 14.41 that would define
just such a standard.
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Chapter

Mathematical Definition of Dimensioning
and Tolerancing Principles

Mark A. Nasson
Draper Laboratory
Cambridge, Massachusetts

Mr. Nasson is a principal staff engineer at Draper Laboratory and has twenty years of experience in
precision metrol ogy, dimensioning and tolerancing, and quality management. Since 1989, he has been
amember of various ASME subcommittees pertaining to dimensioning, tolerancing, and metrology, and
presently serves as chairman of the ASME Y14.5.1 subcommittee on mathematical definition of dimen-
sioning and tolerancing principles. Mr. Nasson is also a member of the US Technical Advisory Group
(TAG) to 1 SO Technical Committee (TC) 213 on Geometric Product Specification. Mr. Nassonisan ASQ
certified quality manager.

7.1 Introduction

Thischapter describes arelatively new item on the dimensioning and tolerancing standards scene: math-
ematically based definitions of geometric tolerances. Y ouwill learn how and why such definitionscameto
be, how to apply them, what they have accomplished for us, and wherethese definitions may take usinthe
not-too-distant future.

7.2 Why Mathematical Tolerance Definitions?

After reading this chapter, | hope and trust that you will be asking the reverse question: Why not
mathematical definitions of tolerances? Asyou will see, anumber of interesting events combined to open
the door for their creation. In short, though, mechanical tolerancing is a much more complex discipline
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than most peoplerealize, and it requires asimilar level of treatment as has proven to be necessary for the
nominal geometric design discipline (CAD/solid modeling).

Although the seeds for mathematical tolerance definitionswere planted well beforethe early 1980s, a
special event of that eraindirectly helped trigger arealization of their need. The arrival of the personal
computer quite suddenly and dramatically decreased the cost of computing power. Asaresult, vendors of
metrology equipment, predominantly coordinate measuring machines (CMMs) began offering affordably
priced measurement systems with integrated personal computers. Also, a number of individuals devel-
oped homegrown systems for their companies (as did this author) by pairing an older measuring system
that they already owned with a newly purchased personal computer. Just as personal computers have
affected usin countless other ways, they al so contributed to the resurgence of the coordinate measuring
machine.

Another device also contributed to the resurgence of coordinate measuring machines: the touch
trigger probe, originally developed inthe U.K. by Renishaw. Prior to thisinvention, conventional coordi-
nate measuring machines used a“hard” probe (asteel sphere) for establishing contact with part features.
Not only were hard probes slow to use, but they also were capable of disturbing the part, and even
damagingit if theinspector failed to exercise sufficient care. Touch probesimproved thisstate of affairsby
enabling the coordinate measuring machineto significantly overtravel after the part feature wastriggered
upon initial contact. Productivity and accuracy were both improved with touch probes.

The advent of touch probe technology and the availability of relatively inexpensive computing
power through new microprocessors enabl ed quick and sophisticated collection, processing, and display
of measurement data. That was the good news of the early 1980s. The bad news? The many instances of
software applications developed for metrology equipment did not interpret geometric dimensioning and
tolerancing uniformly. Although the personal computer helped us recognize a number of underlying
problems with tolerancing and metrology (and hence, for much of manufacturing), other key events
helped us further diagnose problems and even chart out plans for resolving them. Writing and using
mathematical tolerance definitions were among the suggested corrective actions.

7.2.1 Metrology Crisis (The GIDEP Alert)

In September of 1988, Mr. Richard Walker of Westinghouse Corp. issued a GIDEP Alert! against the data
reduction software from five unnamed CMM vendors. Himself aware of inconsistency problems with
CMM softwarefor sometimethrough painful experience, Mr. Walker sought to bring this serious state of
affairs to public light by issuing the GIDEP Alert. Typically, GIDEP issues alerts against specific
manufacturer’ s product lines or production lots with quality concerns. In this case, the problem was not
attributable to just one CMM vendor; this was an industry-wide problem and was not confined to the
metrology industry. It was aserious symptom of alarger problem. First, though, let’ sdeal with the subject
of the GIDEP Alert.

Ideally, and not unreasonably, we expect that ameasurement processfor agiven part (say flathessas
measured by a CMM) will yield repeatable results. The degree of repeatability depends on many factors
such as the number of points sampled, point sampling strategy, stability of the part, and probing force.
Each of these factors comesinto play on measurements performed on asingle, given CMM.

1 GIDEP (Government-Industry Data Exchange Program, http://www.gidep.corona.navy.mil) is an organization of gov-
ernment and industry participants who share technical information with each other regarding product research, design,
development, and production. One function of GIDEP is to issue alerts to its members that pertain to nonconforming
parts, processes, etc. In this case, the subjects of the alert were nonconforming software algorithms.
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But what about the repeatability of measurements of the same part as performed by CMMs from
different manufacturers? Potential contributors to repeatability in this context are the differencesin me-
chanical stability between the CMMs and the software algorithms used to process the sampled point
coordinate data. It’ sthelatter with which Mr. Walker’s GIDEP Alert dealt. Suspicious of inconsistencies
between measurement results obtained by different CMMs, Mr. Walker crafted ingeniously simple, but
strategically chosen sets of point coordinate datato test the performance of CMM software algorithmsfor
calculating measured values of flatness, parallelism, straightness, and perpendicularity. A data set that
could be solved graphically without any algorithmswas strategically selected. So not only did Mr. Walker
check for consistency between the five CMM s tested, but he al so checked for correctness.

The results were rather shocking. The worst offending algorithm in one case reported results that
were 37% worse than the actual results; in other words, the algorithm indicated that the part feature was
worsethan it actually was. In another case, the worst offending algorithm reported results that were 50%
better than the actual results, indicating that the part feature was better than it actually was. Theseresults
led to the realization that many CMM software algorithms were unreliable. Coupling this fact with an
increasingly wide awarenessthat different measurement techniques applied to the same parameter yielded
different results, atrue metrology crisiswasin effect.

In true Ralph Nader spirit, Mr. Walker acted on behalf of the customers of metrology equipment
vendors. Rather than letting the potential impact on the CMM vendors determine how he handled this
discovery, he publicized this information to educate and warn CMM users and the customers of their
results. He resisted those that preferred him to keep silent while these problems were solved behind
closed doors. Instead, the GIDEP Alert served asabeacon to those who experienced similar problemsand
had the motivation and technical ability to do something about it. Mr. Walker was criticized by many for
his actions—a sure sign that he was on to something.

7.2.2 Specification Crisis

The GIDEP Alert convincingly illustrated the unstabl e situation with metrology software. However, it is
crucial to recognize that the metrology crisis was actually a symptom of the true problem. The inherent
ambiguity in the text-based definitions of mechanical tolerances enabled the writing of varied and incor-
rect computer algorithms for processing inspection data. Though text-based definitions seem to have
served engineering well for many years, the robustness and rigor required by computerization has re-
vealed anumber of underlying problems. Without the ability to unambiguously specify and assign toler-
ance controlsto mechanical parts, we cannot expect to be ableto uniformly verify the adherence of actual
parts to those specifications. Thus, one could accurately say that the specification crisis spawned the
metrology crisis.

7.2.3 National Science Foundation Tolerancing Workshop

Under a grant from the National Science Foundation, the ASME Board on Research and Development
conducted a workshop with invited guests of varied manufacturing backgrounds from a number of do-
mestic and international companies. Held soon after release of the GIDEP Alert, this workshop sought to
identify research opportunitiesin the field of tolerancing of mechanical parts. These research opportuni-
ties were determined on the basis of unsolved problems or technological gaps hampering the effective-
ness of various engineering disciplines. Among the recommendations generated by the workshop was
that mathematically based definitions of mechanical tolerances should be written in order to remove
ambiguities and reduce misuse. This recommendation paved the way for the establishment of a body
whose sole purpose was to meet that goal .
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7.2.4 A New National Standard

InJanuary of 1989the Y 14.5.1 " ad hoc” subcommittee on mathematization of geometric tolerancesheldits
inaugural meeting in Longboat Key, Florida. In approximately fifteen meetings held over fiveyears' time,
Chairman Richard Walker led an inspired group of volunteers to the publication of a new national stan-
dard, ASME Y 14.5.1M-1994 - Mathematical Definition of Dimensioning and Tolerancing Principles. The
continually surprising degree of effort that was necessary to write this document provided constant
confirmation that the document was truly needed. Some ambiguities were known before mathematization
efforts began, but many other subtle problems were revealed as the subcommittee members took on the
challenge of unequivocally specifying what was previously conveyed through written word and figures
drawn from specific examples.

7.3 What Are Mathematical Tolerance Definitions?
7.3.1 Parallel, Equivalent, Unambiguous Expression

Mathematical tolerance definitions are areiteration of the tolerance definitionsthat appear in textual form
intheY 14.5 standard. In many cases, actual mathematical expressions describe geometric constraints on
regions of pointsin space yielding a mathematical/geometrical description of the tolerance zone for each
tolerance type. However, tolerance types are only part of the story. The Y 14.5.1 standard handles the
crucia subject of datum reference frame construction not with mathematical equations, but with math-
ematical formulations that are expressed textually with supporting tables and logical expressions. In any
case, the contents of the Y 14.5.1 standard have a direct tracing to an unambiguous mathematical basis.
The unfortunate tradeoff is that they are not readily assimilated by human beings, but they are easily
converted into programming code.

7.3.2 Metrology Independent

The developers of the Y 14.5.1 mathematical standard diligently maintained at arm’ s length (or farther!)
any influences from current measurement techniques and technology on the mathematical tolerance
definitions. There was a frequent tendency to think in terms of inspection procedures when trying to
mathematically describe some characteristic of ageometric tolerance, but it was resisted. Measurability
was never acriterion that prevailed during the deliberations of the Y 14.5.1 subcommittee. The reason
was simple: tolerancing isadesign function, and it must not be encumbered by metrology, adownstream
activity in the product life cycle. Today’s state-of-the-art in measurement technology eventually be-
comes yesterday’ s obsolescence. Desired features and capabilities for dimensioning and tolerancing
that enabl e precise specification of part functionality and producibility should drive technology devel-
opment in metrology. To have specified mathematical tol erance definitionsin termsof industry-accepted
measurement techniques would surely have made the definitions more recognizable, but generality
would have been sacrificed.

7.4 Detailed Descriptions of Mathematical Tolerance Definitions
7.4.1 Introduction

This section contains introductory material necessary to read and understand mathematical tolerance
definitions as they appear in the Y 14.5.1 standard. Those readers with a physics and/or mathematics
background may bypass the section on vectorsthat follows. Section 7.4.3 presents some key terms and
concepts specifictotheY 14.5.1 standard. The remaining sections cover asel ection of actual mathematical
tolerance definitions. Note that not all aspects of the Y 14.5.1 standard are covered here, and that this



Mathematical Definition of Dimensioning and Tolerancing Principles 7-5

chapter isdesigned to providethereader with enough background to enabl e him/her to make effective use
of the standard.

7.4.2 Vectors

Thissection containsabrief overview of vectors and the manner in which they are handled in mathemati-
cal expressions. Those readers with a physics and/or mathematics background will not find it necessary
to read further. The material isincluded, however, because not all users of geometric dimensioning and
tolerancing have had exposureto it, and it isthe basis of the definitions that follow.

Vectors are abstract geometric entities that describe direction and magnitude (length). A position
vector can describe every point in space, whichissimply aline drawn fromthe originto the point. Vectors
also exist between pointsin space. The magnitude of avector isitslength as measured from its starting
point toitsend point. A vector of arbitrary lengthistypically designated by aletter with anarrow ( A) over
it. Graphically, vectorsare shown asalinewith an arrow at one end; the length of the line representsthe
vector’s magnitude, while the arrow representsits direction. See Fig. 7-1.

Figure 7-1 Vectors and unit vectors

A special type of vector isthe unit vector which, not surprisingly, is of unit length. Unit vectors are
often used to define or specify the direction of an axisor the direction of aplane’ snormal; aunit vector is
appropriate for such purposes becauseit is the direction and not the magnitude that isimportant. A unit
vector istypically designated by aletter with ahat, or carat, (T) over it.

7.4.2.1 Vector Addition and Subtraction

Vectors may be added and subtracted to create other vectors. Two vectors are added by overlapping the
starting point of onevector onthe end point of the other vector. Theresultant vector, or sumvector, isthat
vector that extendsfrom the starting point of thefirst vector to the end point of the second vector. SeeFig.
7-2.

vy}
+
]!

S

Figure 7-2 Vector addition

Vector subtraction is performed analogously. In Fig. 7-3, the vector § - R isobtai ined by adding the
negative of vector R (which simply pointsin the opposite direction as R) to vector C.
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Figure 7-3 Vector subtraction

Vectors may be translated in space without affecting their behavior in mathematical expressions, so
long astheir length and direction are preserved. For instance, it iscommon to draw adifference vector as
starting at the end point of the “subtrahend” vector (R in Fig. 7-3) and ending at the end point of the
“minuend” vector (C in Fig. 7-3).

7.4.2.2 Vector Dot Products

Vectors may be multiplied in two different ways: by dot product and by cross product. Rulesfor vector
products are different than for products between numbers. Dot products and cross products always
involve two vectors. Cross products are discussed in the next section.

Theresult of adot product isawaysascalar, whichisjust afancy term for anumber. A dot product
isequal to the product of the numerical magnitude of the vectors, whichinturnismultiplied by the cosine
of the angle between the vectors. The mathematical expression for the dot product between vectors A
and B is A- B.Naturally, for two unit vectorsthat are 45° apart, their dot product is(1)(1)cos(45) = 0.707.
Also, when two vectors have adot product that equals 0, they must be perpendicular, regardless of their
magnitude, because the cosine of 90° is0. And when two unit vectors have adot product equal to 1, they
must be parallel becausethe cosineof 0° is1. Two unit vectorsthat point in opposite directionsyield adot
product of —1 because the cosine of 180° is—1.

When a vector is multiplied with a unit vector via a dot product, the result equals the length of the
component of the original vector that is pointing in the direction of the unit vector. The mathematical
definitions of geometric tolerances make use of these dot product characteristics.

7.4.2.3 Vector Cross Products

Unlike avector dot product which yieldsanumber, the result of avector cross product isalways another
vector. The mathematical expression for the cross product between vectors A and B is A" B, theresult
of whichwewill expressasC . By definition, vector C isperpendicular to the plane defined by thefirst two
vectors. The magnitude of the vector C isequal to the product of the magnitudes of the vectors A and
B, whichin turnis multiplied by the sine of the angle between A and B . So when two unit vectors are
perpendicular, their cross product isanother unit vector that is perpendicular to the first two unit vectors;
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this because the sine of 90° is1. Andwhen any two vectorsare parallel (or antiparallel), their crossproduct
is a vector of length O because the sine of 0°and 180° is 0. The mathematical definitions of geometric
tolerances make use of these properties of vector cross products.

7.4.3 Actual Value/Measured Value

A subtle but important distinction exists between the actual value and the measured value of a quantity.

Soon after beginning its work program, the Y 14.5.1 subcommittee quickly recognized the need to clearly

draw this distinction. Anactual value of ameasured quantity isthe inherently true value. It isthe value
that would be obtained by a measurement process that is perfect in every way; that is, a measurement
processthat has no measurement error or uncertainty associated with it, and which makesuse of all of the
information that is contained in the item being measured (i.e., the infinite number of data points that a
surface consists of). In less esoteric terms, it is the value that we always hope to obtain, but never really

can. The actual value can never be obtained because every measurement process has some degree of
error and uncertainty associated with it, however small. Moreover, discrete measurement techniques
operateon arelatively small subset of theinfinite number of pointsof which asurfaceiscomprised. Even
though we can never obtain the actual value, it isimportant to have aconcrete definition of it aswell asan
understanding of the reasons for its elusiveness.

The measured value of a quantity is self-explanatory. Quite simply, it is the value generated by a
measurement process. A measured value is an estimate of the actual value; it has an uncertainty associ-
ated with it. The goal of any measurement process is to obtain a measured val ue that approximates the
actual value within some tolerable level of uncertainty. The uncertainty associated with a measurement
process depends on many factors such as the quantity of data sampled, the data sampling strategy,
environmental effects, and so on. This uncertainty is never zero, and the degree to which it is minimized
amountsto an economic decision based on the timerequired to conduct the measurement and the expense
of the personnel and equipment employed.

It is not uncommon for the distinction between the measured value and the actual value to become
blurred, and this may occasionally contribute to miscommunications between design engineers and me-
trologists. Early on, the Y 14.5.1 subcommittee wrestled with these notions and decided that the scope of
itswork concerned itself solely with actual valuesand not with measured values. (Theissues surrounding
measured values were to be taken up by another subcommittee.) That is not to say that mathematical
definitions somehow enable usto obtain actual values. Rather, the mathematical definitions presentedin
the Y 14.5.1 standard focus on the geometric controls that the various tolerance types exert on part
features. Further, the tolerance types operate not only on actual, tangible part features, but also more
importantly on conceptual models of those part features that exist only on drawings or CAD/solid model
representations. The genesis of amanufactured product is arepresentation of the product that is repeat-
edly modified, typically involving tradeoffs, in response to various constraints upon it. Allowable geo-
metric variation of the product is one constraint, and theintent of the Y 14.5.1 subcommittee wasto create
mathematical definitions of tolerance types that would be applicable to this conceptual design stage of
product development. Accordingly, the notion of an actual value is appropriate.

In fact, in writing mathematical definitions it was crucial to maintain this “ separation of church and
state” asit were. The potential difficulty in obtaining areliable measured value of atolerance was of little
or no concern during the devel opment of the Y 14.5.1 standard. The philosophy isthat it ismoreimportant
to arm adesign engineer with flexible toolsto uniquely specify atolerance design rather than to compro-
misethat ability infavor of easing the eventual measurementsrequired to prove conformance of an actual
part to those tolerances. It is inappropriate to standardize tolerances around the state-of-the-art in

metrology becauseit is continually changing.
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7.4.4 Datums
7.4.4.1 Candidate Datums/Datum Reference Frames

Datums are geometric entities of perfect form that are derived from datum features specified on adrawing.
The configuration of one or more datums as specified in a feature control frame results in a datum
reference frame. A datum reference frame essentially amounts to a coordinate system that islocated and
oriented on the datum features of the part, and from which the location and orientation of other part
features are controlled.

For two reasons, agiven datum feature may yield more than one datum. Most easy to visualizeisthe
situation whereby aprimary datum feature of sizeisreferenced at maximum material condition (MM C) and
ismanufactured at asize between itsmaximum material sizeand itsleast material size. By therulesof Y 14.5,
the datum may assume any size, location, and orientation between the datum feature and its MM C limit.
These potentially numerous datums form a candidate datum set.

Another reason why aset of candidate datums may result from a given datum feature hasto do with
the fact that actual datum features, like all actual features, necessarily have form error. Form error often
underminesthe effectiveness of therulesthat Y 14.5 specifiesin section 4.4.1 for associating perfect form
datumsto imperfect form datum features. Theserules areideally intended to isolate asingle datum from a
datum feature, but in practice they reduce the size of the candidate datum set, hopefully to areasonable
extent. For instance, consider a nominal flat surface specified as a primary datum, an actual instance of
which has form error consisting of small raised areas scattered all over the surface in such away that a
conceptual, perfect form datum feature (a perfectly flat plane) does not engage the actual surfacein just
one, unique orientation. In fact, there are multiple sets of three raised areas that provide stable engage-
ment. Each resultsin a potentially valid datum, and they collectively form the candidate datum set.

Thus, we say in general that adatum featureresultsin aset of candidate datums. Since each datumin
adatum reference frame has (or may have) multiple candidate datums, there are potentially amultitude of
candidate datum reference frames. What are we to do with all of these candidates? It is reasonable to
conclude that one has the freedom to search among the candidate datum reference frame set for adatum
reference frame that yields acceptable evaluations of al tolerances. One could also search for a datum
reference frame that collectively minimizes (in some unspecified sense) the departure of all of the features
controlled with respect to the datum reference frame. Regardless, if adatum reference frame can be found
that yields acceptabl e evaluations of all tolerances, then the part is considered to be acceptable.

7.4.4.2 Degrees of Freedom

The balance of the discussion on datums will focus on degrees of freedom. A datum reference frame can
be thought of as a coordinate system that is fixed to datum features on the part according to rules of
association and precedence. If we think of a coordinate system as being represented by three mutually
perpendicular axes, then the process of establishing a datum reference frame amounts to a series of
positioning and orienting operations of these axes relative to datum features on the part. These position-
ing and orienting operations take place with respect to afixed “world” coordinate system.

A datum reference frame has three positional degrees of freedom, and three orientational degrees of
freedom within theworld coordinate system. In other words, the origin of adatum reference frame may be
independently located al ong three world coordinate system axes. Similarly, thethree planesformed by the
three pairsof datum reference frame axes have angular rel ationshipsto the three planesformed by pairs of
world coordinate system axes. The establishment of a datum reference frame equates to a systematic
reduction of itsavailable degrees of freedom within theworld coordinate system. A datum referenceframe
that has no available degrees of freedom is said to be fully constrained.
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Notethat it is not always necessary to fully constrain a datum reference frame. Consider a part that
only has an orientation tolerance applied to afeature with respect to another datum feature. One can see
that it is not necessary or productive to position the datum reference frame in any manner because the
orientation of the feature with respect to the datum is not affected by location of the datum nor of the
feature.

Therulesof datum precedence embodiedin Y 14.5 can be expressed in terms of degrees of freedom. A
primary datum may arrest one or more of the original six degrees of freedom. A secondary datum may
arrest one or more additional available degrees of freedom; that is, a secondary datum may not arrest or
modify any degrees of freedom that the primary datum arrested. A tertiary datum may also arrest any
available degrees of freedom, though there may be none after the primary and secondary datums have
donetheir job; in such acase, atertiary datum is superfluous and can only add confusion.

The Y 14.5.1 standard contains several tables that capture the finite number of ways that datum
reference frames may be constructed using the geometric entities points, lines, and planes. Included are
conditions between the primary, secondary, and tertiary datums for each case.

7.45 Form Tolerances

Form tolerances are characterized by the fact that the tolerance zones are not referenced to a datum
reference frame. Form tolerances do not control the form of afeature with respect to another feature, nor
with respect to acoordinate system established by other features. Form tolerances are often used torefine
theinherent form control imparted by asize tolerance, but not always. Therefore, the mathematical defini-
tions presented in this section reflect the independent application of form tolerances. The mathematical
description of the net effect of simultaneously applied multipletolerancetypesto afeatureisnot covered
in this chapter.

Although form tolerances are conceptually simple, too many users of geometric dimensioning and
tolerancing seem to attribute erroneous characteristics to them, most notably that the orientation and/or
location of thetolerance zone arerel ated to apart feature. Asstated in the prior paragraph, form tolerances
are independent of part features or datum reference frames. The mathematical definitions that appear
below describe in vector form the geometric elements of the tolerance zones associated with form toler-
ances; these geometric elements are axes, planes, points, and curvesin space. The description of these
geometric elements must not be misconstrued to mean that they are specified up front as part of the
application of a form tolerance to a nominal feature; they are not. The geometric elements of form
tolerances are dependent only on the characteristics of the toleranced feature itself, and thisisinforma-
tion that cannot be known until the feature actually exists and is measured.

7.4.5.1 Circularity

A circularity tolerancecontrolstheform error of asphereor any other featurethat hasnominally circular cross
sections (there are some exceptions). The cross sections are taken in a plane that is perpendicular to some
spine, which isaterm for a curvein space that has continuous first derivative (or tangent). The circularity
tolerance zone for aparticular cross-section isan annular area on the cross-section plane, whichis centered
on the spine. Because circularity is aform tolerance, the tolerance zone is not related to a datum reference
frame, nor is the spine specified as part of the tolerance application. Note that the circularity definition
described hereisconsistent withthe ANSI/ASME Y 14.5M-1994 definition, but isnot entirely consistent with
the 1982 version of the standard. See the end of this section for afuller explanation.

The mathematical definition of acircularity tolerance consists of equationsthat put constraintson a
set of points denoted by P such that these points are in the circularity tolerance zone, and no others.
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Figure 7-4 Circularity tolerance zone
definition

Consider on Fig. 7-4 apoint A onaspine, and aunit vector T which pointsin the direction of the tangent
tothespineat A.
The set of points P on the cross-section that passes through A isdefined by Eq. (7.1) asfollows.

T-(P-A=0 7.
The zero dot product between the vectorsT and (P- A) indicatesthat thesevectorsare perpendicu-

lar to one another. Since we know that T is perpendicular to the spineat A, and P - A isavector that

pointsfrom A to B, then the points P must be on aplanethat contains A and that is perpendicular to T .
Thus, we have defined all of the points that are on the cross section. Next, we need to restrict this set of
pointsto be only thosein the circularity tolerance zone.

Aswas stated above, the circul arity tolerance zone consists of an annular area, or the area between
two concentric circlesthat are centered on the spine. The differencein radius between thesecirclesisthe
circularity tolerance t.

P~ A- r|£% (72

Eq. (7.2) saysthat thereisareferencecircleat adistance r from the spine, and that the points P must
be no farther than half of the circularity tolerance from it, either toward or away from the spine. This
equation compl etes the mathematical description of the circularity tolerance zone for a particular cross
section.

To verify that a measured feature conforms to a circularity tolerance, one must establish that the
measured points meet the restrictionsimposed by Egs. (7.1) and (7.2). In geometric terms, one must find a
spinethat hasthe circularity tolerance zonesthat are created according to Egs. (7.1) and (7.2), containing
al of themeasured points. Thereader will likely find thisdefinition of circularity foreign, so some explana-
tionisin order.

Aswas stated earlier in this section, the details of circularity that are discussed here correspond to
the ANSI/ASME Y 14.5M-1994 standard, which contains some changes from the 1982 version. The 1982
version of the standard, aswritten, required that cross sections be taken perpendicular to astraight axis,
and that the circularity tolerance zones be centered on that straight axis, thereby effectively limiting the
application of circularity to surfaces of revolution. In order to expand the applicability of circularity
tolerances to other features that have circular cross sections, such as tail pipes and waveguides, the
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definition of circularity was modified such that circularity controls form error with respect to a curved
“axis’ (aspine) rather than a straight axis. The 1994 standard preserves the centering of the circularity
tolerance zone on the spine.

Unfortunately, the popular interpretation of circularity does not correspond to either the 1982 or the
1994 versionsof Y 14.5M. Rather, ametrology standard (B89.3.1-1972, M easurement of Out of Roundness)
seems to have implicitly provided an aternative definition of circularity by virtue of the measurement
techniques that it describes. The main difference between the B89 metrology standard and the Y 14.5M
tolerance definition standard isthat the B89 standard does not require the circularity tolerance zoneto be
centered on the axis. Instead, various fitting criteria are provided for obtaining the “best” center of the
tolerance zone for a given cross section. Without delving into the details of the B89.3.1-1972 standard,
suffice it to say that the four criteria are least squares circle (LSC), minimum radial separation (MRS),
maximum inscribed circle (MIC), and minimum circumscribed circle (MCC).

Thereisarather serious geometrical ramification to allowing the circul arity tolerance zoneto “float.”
Consider in Fig.7-5 athree-dimensional figure known asan elliptical cylinder whichiscreated by translat-
ing or extruding an ellipse perpendicular to the planeinwhichitlies. Obviously, such afigurehaselliptical
cross sections, but it also has perfectly circular cross sectionsif taken perpendicular to aproperly titled
axis.

Circularity

evaluation axis ; Circular cross-section
i

Elliptical cross-section

Extruson axis Figure 7-5 Illustration of an elliptical
cylinder

Thus, aperfectly formed elliptical cylinder (even onewith high eccentricity) would have no circularity
error as measured according to the B89.3.1-1972 standard. Of course, any sensible, well-trained metrolo-
gist would intuitively select an axisfor evaluating circularity that closely matchesthe axis of symmetry of
the feature, and would thus find significant circularity error. However, as tolerancing and metrology
progress toward computer-automated approaches (as the design and solid modeling disciplines already
have), we must depend less and less on subjective judgment and intuition. It is for this reason that the
relevant standards committees have recognized these issues with circularity tolerances and measure-
ments, and they are working toward their resol ution.

Creation of amathematical definition of circularity revealed the inconsistency between the Y 14.5M-
1982 definition of circularity and common measurement practice as described in B89.3.1-1972, and also
revealed subtle but potentially significant problemswith the latter. This exampleillustrates the value that
mathematical definitions have brought to the tolerancing and metrology disciplines.
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7.4.5.2 Cylindricity

A cylindricity tolerance controlstheform error of cylindrically shaped features. The cylindricity tolerance
zone consists of aset of points between apair of coaxial cylinders. The axis of the cylinders has no pre-
defined orientation or location with respect to the toleranced feature, nor with respect to any datum
reference frame. Also, the cylinders have no predefined size, although their differencein radii equalsthe
cylindricity tolerancet.

We mathematically define acylindricity tolerance zone asfollows. A cylindricity axisisdefined by a

unit vector T and a position vector A asillustrated in Fig. 7-6.

Figure 7-6 Cylindricity tolerance
definition

If we consider the unit vector T, which points parallel to the cylindricity axis, to be anchored at the
end of the vector A, one can see from Fig. 7-6 that the distance from the cylindricity axis to point P is
obtained by multiplying the length of the unit vector T (equal to one by definition) by the length of the
vector P- A, and by the sine of the angle between T and P- A. The mathematical operations just
described are those of the vector cross product. Thus, the distance fromthe axisto apoint P isexpressed
mathematically as r (I5— A) . To generate a cylindricity tolerance zone, the points P must be re-
stricted to be between two coaxial cylinders whose radii differ by the cylindricity tolerance t.

Eq. (7.3) constrainsthe points P such that their distance from the surface of animaginary cylinder of
radiusr islessthan half of the cylindricity tolerance.

T (P- A)|— r‘E% 7.3
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If, when assessing a feature for conformance to a cylindricity tolerance, we can find an axis whose
direction and location in space are defined by T and A , and aradius I such that all of the points of the
actual feature consist of asubset of these points P, then the feature meets the cylindricity tolerance.

7.4.5.3 Flatness

A flatness tolerance zone controls the form error of anominally flat feature. Quite simply, the toleranced
surface is required to be contained between two parallel planes that are separated by the flatness toler-
ance. SeeFig. 7-7.

To express a flatness tolerance mathematically, we define areference plane by an arbitrary locating
point A on the plane and a unit direction T that pointsin a direction normal to the plane. The quantity

Figure 7-7 Flatness tolerance definition

P - A isthe vector distance from the reference plane’s locating point to any other point P. Of more
interest though is the component of that distance in the direction normal to the reference plane. Thisis

obtained by taking the dot product of P- Aand T.
.o - t
T (P- Ale (7.4)

Eq. (7.4) requiresthat the points P bewithin adistance equal to half of theflatnesstolerancefromthe
reference plane.

In mathematical terms, to determine conformance of a measured feature to a flatness tolerance, we
must find a reference plane from which the distances to the farthest measured point to each side of the
reference plane are less than half of the flatness tolerance.

Notethat Eq. (7.4) isnot asgeneral asit could be. The true requirement for flatnessisthat the sumof
the normal distances of the most extreme points of the feature to each side of the reference plane be no
morethan the flatnesstolerance. Stated differently, although Eq. (7.4) isnot incorrect, thereisno require-
ment that the reference plane equally straddle the most extreme points to either side. In fact, many
coordinate measuring machine software algorithmsfor flatnesswill cal culate aleast squaresplanethrough
the measured data points and assess the distances to the most extreme points to each side of this plane.
In general, the least squares plane will not equally straddle the extreme points, but it may serve as an
adequate reference plane neverthel ess.
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7.5 Where Do We Go from Here?

Release of the Y 14.5.1 standard in 1994 addressed one of the major recommendations that emanated from
the NSF Tolerancing Workshop. However, the work of the Y 14.5.1 subcommittee is not complete. The
Y 14.5.1 standard represents an important first step in increasing the formalism of geometric tolerancing,
but many other things must happen before we can claim to have resol ved the metrology crisis. The good
newsisthat things are happening. Research effortsrel ated to tol erancing and metrology have accel erated
over the time frame since the GIDEP Alert, and we are moving forward.

7.5.1 ASME Standards Committees

Though fiveyears have passed sincetherelease of the Y 14.5.1 standard, it isdifficult to discern theimpact
that it has had on the practitioners of geometric tolerancing. However, the impact that it has had on the
standards development scene is easier to measure. Advances in standards work are greatly facilitated
when standards devel opers have aminimal dependence on subjectiveinterpretations of the standardized
materials. Indeed, it isthe specific duty and responsibility of standards developersto definetheir subject
matter in objectively interpretableterms; otherwise standardizationisnot achieved. The'Y 14.5.1 standard,
and the philosophy that it embodies, provides a means for ensuring alack of ambiguity in standardized
definitions of tolerances.

Despite the alphanumeric subcommittee designation (Y 14.5.1), which suggests that it sit below the
Y 14.5 subcommittee, the Y 14.5.1 subcommittee has the same reporting relationship to the Y 14 main com-
mittee, as doesthe Y 14.5 subcommittee. The new Y 14.5.1 effort wastruly a parallel effort to that of Y 14.5
(though certainly not entirely independent). Its value has been sufficiently demonstrated within the
subcommittees to the extent that the leaders of each group are establishing a much closer degree of
collaboration. The result will undoubtedly be better standards, better tools for specifying allowable part
variation, less disagreement between suppliersand customersregarding acceptability of parts, and better
and cheaper products.

7.5.2 International Standards Efforts

Theimpact of theY 14.5.1 standard extendsto theinternational standards sceneaswell. Over the past few
years, the International Organization for Standardization (1SO) has been engaged in a bold effort to
integrate international standards devel opment acrossthe disciplinesfrom design through inspection. As
aparticipating member body to this effort, the United States has made its share of contributions. Among
these contributions are mathematical definitions of form tolerances. These definitions are closely derived
from the Y 14.5.1 versions, but customized to reflect the particular detailed differences, where they exist,
between the Y 14.5 definitions and the | SO definitions. As other | SO standards are developed or revised,
additional mathematical tolerance definitions will be part of the package.

7.5.3 CAE Software Developers

Asidefrom standards developers, computer aided engineering (CAE) software devel opers should bethe
key group of users of mathematical tolerance definitions. Recalling the lack of uniformity and correctness
in CMM software as brought to light by the GIDEP Alert, it should not be difficult to see the need for
programmers of CAE systems (including design, tol erancing, and metrol ogy) to know the detailed aspects
of thetolerancetypesand codetheir software accordingly. In some cases, this can be achieved by coding
the mathematical expressionsfrom the Y 14.5.1 standard directly into their software.

We are not yet aware of the actual extent of usage of the mathematical tolerance definitions from the
Y 14.5.1 standard among CAE software devel opers. Where vendors of such software claim complianceto
US dimensioning and tolerancing standards, customers should rightly expect that the vendor owns a
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copy of the Y14.5.1 standard and has ensured that its algorithms are consistent with its requirements. It
might be reasonable to assume that this is not the case across the board, and it would be a worthy
endeavor to determinethe extent of any such lack of compliance. Asof thiswriting, ten yearshave passed
since the GIDEP Alert, and perhaps the time is right to see whether the situation has improved with
metrology software.
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8.1 Introduction

Statistical tolerancing isan alternative to worst-case tolerancing. In worst-case tolerancing, the designer
aimsfor 100% interchangeability of partsinan assembly. I n statistical tolerancing, the designer abandons
thislofty goal and accepts at the outset some small percentage of failures of the assembly.

Statistical tolerancing is used to specify apopulation of parts as opposed to specifying asingle part.
Statistical tolerances are usually, but not always, specified on parts that are components of an assembly.
By specifying part tol erances statistically the designer can take advantage of cancellation of geometrical
errors in the component parts of an assembly — aluxury he does not enjoy in worst-case tolerancing.
This results in economic production of parts, which then explains why statistical tolerancing is popular
inindustry that relies on mass production.

In addition to gain in economy, statistical tolerancing is important for an integrated approach to
statistical quality control. Itisthefirst of three major steps - specification, production, and inspection - in
any quality control process. While national and international standards exist for the use of statistical
methodsin production and i nspection, none existsfor product specification. For example, ASME Y 14.5M-
1994 focuses mainly on the worst-case tolerancing. By using statistical tolerancing, anintegrated statis-
tical approach to specification, production, and inspection can be realized.
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Since 1995, 1SO (International Organization for Standardization) has been working on developing
standards for statistical tolerancing of mechanical parts. Several |eading industrial nations, including the
US, Japan, and Germany are actively participating in this work which is still in progress. This chapter
explains what 1SO has accomplished thus far toward standardizing statistical tolerancing. The reader is
cautioned that everything reported in this chapter is subject to modification, review, and voting by SO,
and should not betaken asthefinal standard on statistical tolerancing.

8.2 Specification of Statistical Tolerancing

Statistical tolerancing isalanguagethat has syntax (asymbol structurewith rules of usage) and semantics
(explanation of what the symbol structure means). This section describes the syntax and semantics of
statistical tolerancing.

Statistical tolerancing is specified as an extension to the current geometrical dimensioning and toler-
ancing (GD&T) language. This extension consists of a statistical tolerance symbol and a statistical toler-
anceframe, as described in the next two paragraphs. Any geometrical characteristic or condition (such as
size, distance, radius, angle, form, location, orientation, or runout, including MMC, LMC, and envelope
requirement) of a feature may be statistically toleranced. This is accomplished by assigning an actual
value to a chosen geometrical characteristic in each part of a population. Actual values are defined in
ASME Y 14.5.1M-1994. (See Chapter 7 for details about the Y 14.5.1M-1994 standard that provides math-
ematical definitions of dimensioning and tolerancing principles.) Some experts think that statistically
toleranced features should be produced by amanufacturing processthat isin astate of statistical control
for the statistically toleranced geometrical characteristic; thisissueis still being debated.

The statistical tolerance symbol first appeared in ASME Y 14.5M-1994. It consists of the letters ST
enclosed within ahexagonal frame as shown, for example, in Fig. 8-1. For size, distance, radius, and angle
characteristicsthe ST symbol isplaced after the tol erances specified according to ASME Y 14.5M-1994 or
1SO 129. For geometrical tolerances (such as form, location, orientation, and runout) the ST symbol is
placed after the geometrical tolerance frame specified according to ASME Y 14.5M-1994 or SO 1101. See
Figs. 8-2 and 8-3 for further examples.

Thestatistical toleranceframeisarectangular frame, whichisdivided into one or more compartments.
It isplaced after the ST symbol as shownin Figs. 8-1, 8-2, and 8-3. Statistical tolerance requirements can
beindicated inthe ST framein one of the three ways defined in sections 8.2.1, 8.2.2, and 8.2.3.

8.2.1 Using Process Capability Indices

Three sets of process capability indices are defined as follows.

U-L
Cp="gs -
m- L U-nm
Cpk = min(Cpl,Cpu), where Cpl = =5 and Cpu = % and
t- m-t
Cc = max(Ccl,Ccu) where Ccl = t- L and Ccu = U-t-

In these definitionsL isthe lower specification limit, U isthe upper specification limit, t isthetarget
value, IT isthe population mean, and s is the population standard deviation.
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The process capability indices are nondimensional parametersinvolving the mean and the standard
deviation of the population. The nondimensionality is achieved using the upper and lower specification
limits. Cp isameasure of the spread of the population about the average. Cc is ameasure of the location
of theaverage of the population from thetarget value. Cpk isameasure of both thelocation and the spread
of the population.

All of thesefiveindices need not be used at the sametime. Numerical lower limitsfor Cp, Cpk (or Cpu,
Cpl) and numerical upper limit for Cc (or Ccu, Ccl) areindicated as shownin Fig. 8-1usingthe 3 and £
symbols. Cpu and Ccu are used instead of Cpk and Cc, respectively, for all geometrical tolerances (form,
location, orientation, and runout) specified at RFS (Regardless of Feature Size). The requirement hereis
that the mean and the standard deviation of the population of actual values should be such that all the
specified indices are within the indicated limits.

@D [Cpu > 1.0][Ceu < 0.3]

|

10£0.05ED [Cp > 1.5 [Cpk > 1.0[Cc < 0.5]

l

For the exampleiillustrated in Fig. 8-1, the population of actual values for the specified size should
have its Cp value at or above 1.5, Cpk value at or above 1.0, and Cc value at or below 0.5. For the
indicated parallelism, the population of out-of-parallelism values (that is, the actual valuesfor parallelism)
should haveits Cpu value at or above 1.0, and its Ccu value at or below 0.3.

Limits on the process capability indices also imply limits on the mean and the standard deviation of
the population of actual values through the formulas shown at the beginning of this section. Such limits
on mand s can bevisualized as zonesinthe m s plane, asdescribed in section 8.3.1. To derive thelimits
onmands , valuesof L,U, andt should be obtained from the specification. For theexampleillustratedin
Fig. 8-1, consider the sizefirst. From the size specification, the lower specification limit L = 9.95, the upper
specification limit U= 10.05, and thetarget valuet =10.00 becauseit isthe midpoint of the allowable size
variation. Next consider the specified parallelism, from which it can beinferred that L =0.00, U =0.01, and
t =0.00 because zero isthe intended target value.

Using Cpl, Cpu, or Cpk inthe ST tolerance frame implies only that these values should be within the
limitsindicated. Caution must be exercised in any further interpretation, such asthefraction of population
lying outside the L and/or U limits, because it requires further assumption about the type of distribution,
such as normality, of the population. Note that such additional assumptions are not part of the specifica-
tion, and their invocation, if any, should be separately justified.

Figure 8-1 Statistical tolerancing using process capability indices
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Process capability indices are used quite extensively in industrial production, both in the US and
abroad, to quantify manufacturing process capability and process potential. Their usein product specifi-
cation may seem to bein conflict with the time-honored “ process independence” principle of the ASME
Y 14.5. This apparent conflict is false; the process capability indices do not dictate what manufacturing
process should be used — they place demand only on some statistical characteristics of whatever pro-
cess that is chosen.

Issuesraisedinthelast two paragraphshaveled to somerethinking of the use of the phrase“ process
capability indices’ in statistical tolerancing. We will come back to this point in section 8.5, after the
introduction of a powerful concept called population parameter zones in section 8.3.1.

8.2.2 Using RMS Deviation Index

U-L
RM S (root-mean-square) deviation index is defined as Cpm = ———=——=—=—=. A numerica lower limit for
( square) P 6y/s?+(m-t)2

Cpm isindicated as shown in Fig. 8-2 using the 3 symbol. The requirement here is that the mean and
standard deviation of the population of actual values should be such that the Cpm index is within the
specified limit.

/BT & o s 1.

|

10£0.05 GD

l

For the example illustrated in Fig. 8-2, the population of actual values for the size should have a
Cpm value that is greater than or egqual to 2.0. For the specified parallelism, the population of out-of-
parallelism values (that is, the actual values for parallelism) should have a Cpm value that is greater than
or equa to 1.0.

Cpmiscalled the RMS deviationindex because +/s * + (m- t )? isthesquareroot of the mean of

the square of the deviation of actual valuesfromthetarget valuet . Limiting Cpmasolimitsthemeanand
the standard deviation, and this can be visualized asazoneinthem s plane. Section 8.3.1 describes such
zones. To derivethelimitsonmand s, valuesfor L, U, and t should be obtained from the specification of
Fig. 8-2 asexplained in section 8.2.1.

Cpmisclosely related to Taguchi’ s quadratic cost function, which statesthat thetotal cost to society
of producing apart whose actual value deviatesfrom aspecified target valueincreases quadratically with
the deviation. Specifying an upper limit for Cpm is equivalent to specifying an upper limit to the average

Figure 8-2 Statistical tolerancing using
RMS deviation index
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cost of parts according to the quadratic cost function. This methodology is popular in some Japanese
industries.

8.2.3 Using Percent Containment

A tolerance interval or upper limit followed by the P symbol and a numerical value of the percent ending
with a % symbol is indicated as shown in Fig. 8-3. The tolerance range indicated inside the ST frame
should be smaller than the tolerance range indicated outside the ST frame before the ST symbol. The
requirement here is that the entire population of actual values should be contained within the limits
indicated before the ST symbol; the percentage following the P symbol inside the ST frame indicates the
minimum percentage of the population of actual values that should be contained within the limits indi-
cated within the ST frame before the ST symbol; the remaining population should be contained in the
remaining tolerance range proportionately.

//lo.olal GD [0.005 P75%

| 10+£0.09 5T [+0.03 P50O%

Figure 8-3 Statistical tolerancing using
percent containment

Inthe exampleillustrated in Fig. 8-3 for the specified size, the entire popul ation should be contained

within 10 + 0.09; at least 50% of the population should be contained within 10 + 0.03; no more than 25%

should be contained within 10 :8:83 and no more than 25% should be contained within 10 :8:82 . For the

specified parallelism, the entire population of out-of-parallelism values (that is, the actual values for the
parallelism) should be less than 0.01 and at least 75% of this population of values should be less than
0.005.

Percent containment statements are best visualized using distribution functions. A distribution func-
tion, denoted Pr[X £ X], is the probability that the random variable X is less than or equal to a value x.
Distribution functions are also known as cumulative distribution functions in some engineering litera-
ture. A distribution function is anondecreasing function of x, and it varies between O and 1. It ispossible
to visually represent the percent containment requirements as zones that contain acceptabl e distribution
functions, as shown in section 8.3.2.

Using percent containment is popular in some German industries. It is asimple but powerful way to
indicate directly the percentage of populationsthat should lie within certain intervals.

8.3 Statistical Tolerance Zones

Statistical tolerance zone is a useful tool to visualize what is being specified and to compare different
types of specifications. It isalso apowerful concept that unifies several seemingly disparate practices of
statistical tolerancing in industry today. A statistical tolerance zone can be either a population parameter
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zone (PPZ) or distribution function zone (DFZ). PPZs are based on parametric statistics, and DFZs are
based on nonparametric statistics.

8.3.1 Population Parameter Zones

A PPZ isaregioninthe mean - standard deviation plane, as shownin Fig. 8-4. In thisexample, the shaded
PPZ on the left is the zone that corresponds to the statistical specification of sizein Fig. 8-1, and the
shaded PPZ on theright is the zone that corresponds to the statistical specification of parallelismin Fig.
8-1. Vertica linesthat limit the PPZ arisefrom limitson Cc, Ccu or Ccl becausethey limit only the mean; the
top horizontal line comes from limiting Cp because it limits only the standard deviation; the slanted lines
are due to limits on Cpk, Cpu or Cpl because they limit both the mean and the standard deviation. If the
(ms ) point for agiven population of geometrical characteristicslieswithin the PPZ, then the population
is acceptable; otherwiseit isrejected.
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Figure 8-5 Population parameter zones for the specificationsin Fig. 8.2
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PPZs can be defined for specifications that use the RMS deviation index as well. Fig. 8-5 illustrates
the PPZs for the specifications in Fig. 8-2. Here the zones are bounded by circular arcs. Again, the
interpretation isthat al (ms ) points that lie inside the zone correspond to acceptable populations, and
pointsthat lie outside the zone correspond to popul ations that are not acceptable per specification.

8.3.2 Distribution Function Zones

A DFZ isaregion that lies between an upper and alower distribution function, as shown in Fig. 8-6.
Any population whose distribution function lieswithin the shaded zoneisacceptable; if not, itisrejected.
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Figure 8-6 Population parameter zones for the specificationsin Fig. 8.3

8.4 Additional Illustrations

Figs. 8-7 through 8-10 illustrate valid uses of statistical tolerancing in several examples. Though not
exhaustive, these illustrations help in understanding valid specifications of statistical tolerancing.

0 ~
P10 509D | g 05 P50

&) |P0o.05 P75%

Figure 8-7 Additional illustration of
specifying percent containment
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Figure 8-8 lllustration specifying process capability indices

.14l €D [cpu > 1.33]

r B S _8_05@ [cp > 2.0]ce < 0.25]

Figure 8-9 Additional illustration specifying process capability indices
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Figure 8-10 Illustration of statistical
tolerancing under MMC

8.5 Summary and Concluding Remarks

This chapter dealt with the language of statistical tolerancing of mechanical parts. Statistical tolerancing
is applicable when parts are produced in large quantities and assumptions about statistical composition
of part deviationswhileassembling products can bejustified. The economic casefor statistical tolerancing
can indeed be very compelling. In this chapter, three ways of indicating statistical tolerancing were
described, and the associated statistical tolerance zones were illustrated. Population parameter zone
(PPZ) and distribution function zone (DFZ) are the two most relevant new concepts that are driving the
design of the I SO statistical tolerancing language.

Statistical tolerancing is deliberately designed as an extension to the current GD& T language. This
has some disadvantages. It might be, for example, a better ideato indicate the statistical tolerance zones
directly in the specifications. However, acceptance of statistical tolerancing by industry is greatly en-
hanced if it is designed as an extension to an existing popular language.

It wasindicated earlier that some believe that statistically controlled parts should be produced by a
manufacturing process that isin a state of statistical control. Strictly speaking, thisis not a necessary
condition for the success of statistical tolerancing. However, it isagood practice to insist on a state of
statistical control, which can be achieved by the use of statistical process control methodologiesfor the
manufacturing process. This is particularly true if a company has implemented just-in-time delivery, a
practiceinwhich one may not have theluxury of drawing apart at random from an existing binfull of parts.
As mentioned in the body of this chapter, thisissueis still being debated within 1SO.

Similarly, thereisavigorous debate within 1SO on the use of the phrase “ process capability indices’
indicated symbolically by Cp, Cpl, Cpu, Cpk, Ccl, Ccu, Cc, and Cpm. Thisdebateisfueled by acurrent lack
of SO standardized interpretation of the meaning of theseindices. To circumvent this controversy, these
symbols may be replaced by Fp, Fpl, Fpu, Fpk, Fcl, Fcu, Fc, and Fpm, respectively, but without changing
their functional relationshiptoL,U,ms, andt. Theintent isto preservethe powerful notion of population
parameter zones, which is an important concept for statistical tolerancing, while avoiding the use of the
nonstandard phrase “ process capability indices.” This move may also open up the syntax to accept any
user-defined function of population parameters.

A typical design problemisatolerance all ocation (al so known astol erance synthesis) problem. Here,
given atolerablevariation in an assembly-level characteristic, the designer decideswhat arethetolerable
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variationsin part-level geometrical characteristics. In general, thisisadifficult problem. A moretractable
problemisthat of tolerance analysis, wherein given part-level geometrical variationsthe designer predicts
what isthe variation in an assembly-level characteristic. These are the types of problemsthat a designer
facesinindustry everyday. Both analytical and numerical (e.g., Monte-Carlo simulations) methods have
been developed to solve the statistical tolerance analysis problem. Discussion of statistical tolerance
analysis or synthesisis, however, beyond the scope of this chapter.
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Chapter

Traditional Approaches to Analyzing
Mechanical Tolerance Stacks

Paul Drake

9.1 Introduction

Tolerance analysis is the process of taking known tolerances and analyzing the combination of these
tolerances at an assembly level. This chapter will define the process for analyzing tolerance stacks. It will
show how to set up aloop diagram to determine a nominal performance/assembly value and four tech-
niques to calculate variation from nominal.

Themost important goal of thischapter isfor the reader to understand theassumptionsandrisksthat
go along with each tolerance analysis method.

9.2 Analyzing Tolerance Stacks

Fig. 9-1 describes the tolerance analysis process.

9.2.1 Establishing Performance/Assembly Requirements

Thefirst stepinthe processistoidentify the requirementsfor the system. These are usually requirements

that determine the “ performance” and/or “assembly” of the system. The system requirements will, either

directly, or indirectly, flow down requirements to the mechanical subassemblies. These requirements

usually determine what needs to be analyzed. In general, a requirement that applies for most mechanical

subassembliesis that parts must fit together. Fig. 9-2 shows a cross section of a motor assembly. In this

example, there are several requirements.

* Requirement 1. The gap between the shaft and the inner bearing cap must always be greater than zero
to ensure that the rotor is clamped and the bearings are preloaded.

* Requirement 2. The gap between the housing cap and the housing must always be greater than zero to
ensure that the stator is clamped.
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1. Establish the Performance Requirements

A

y

2. Draw aLoop Diagram

A

y

3. Convert All Dimensions to Mean Dim

ension with an Equal Bilateral Tolerance

A

y

4. Calculate the Mean Value for the Performance Requirement

A

y

5. Determine the Method of Analysis

A

y

6. Calculate the Variation for

the Performance Requirement

Figure 9-1 Tolerance analysis process

Reguirement 3. The mounting surfaces of the rotor and stator must be within £.005 for the motor to

operate.

Requirement 4. The bearing outer race must always protrude beyond the main housing, so that the

bearing stays clamped.

Requirement 5. The thread of the bearing cap screw must have a minimum thread engagement of .200

inches.

Requirement 6. The bottom of the bearing cap screw thread must never touch the bottom of thefemale

thread on the shaft.
Requirement 7. Therotor and stator must never to
and stator is.020.

uch. The maximum radial distance between therotor

Other examples of performance/assembly requirements are:
Thermal requirements, such as contact between athermal plane and a heat sink,

The second part of Step 1 isto convert each requirement into an assembly gap requirement. We would

Amount of “squeeze” on an o-ring
Amount of “preload” on bearings

Sufficient “material” for subsequent machining processes

Aerodynamic requirements

Interference requirements, such as when pressing pinsinto holes

Structural requirements

Optical requirements, such as alignment of optical elements

convert each of the previous requirements to the following.

Requirement 1. Gap 12 0
Requirement 2. Gap22 0
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Requirement 6 — =

Reguirement 5

Requirement 1 —sf=—

Requirement 7 —

—ll=— Requirement Z

— -

Housing cap —1—

ls— Requirement 3

~— Regquirement 4
Housing

L Stator

Cuter
bearing

Bearing —J—

Inner

bearing cap

Screw

Washer

Spacer

.032+.002 ==+
.060+.003— —

—

.120+.005

* Requirement4. Gap43 0

* Requirement 6. Gap 63 0

Requirement 3. Gap 33 .005

Requirement 5. Gap 53 .200

cap
Bearing

Shaft

Spacer

+.012
3.0191-844

Figure 9-2 Motor assembly

* Requirement 7. Gap73 0and£ .020

9.2.2 Loop Diagram

NN \\\\ N \\\\\
J \\\\\\\\ \\\:\\\ \\\\:
M\N M\N
i //’///////’// Pulley
1SS
7 07 S
h/\ 7/ /,
AN
.120+.005
+.000
3757031 .4381-900
4387-909 .450+.007
.300£.030
i +.010

Theloop diagramisagraphical representation of each analysis. Each requirement requires aseparateloop
diagram. Simple loop diagrams are usually horizontal or vertical. For ssmple analyses, vertical loop dia-
grams will graphically represent the dimensional contributors for vertical “gaps.” Likewise, horizontal
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loop diagrams graphically represent dimensional contributors for horizontal “gaps.” The steps for draw-
ing the loop diagram follow.

1

4.

For horizontal dimension loops, start at the surface on theleft of the gap. Follow acompletedimension
loop, to the surface on theright. For vertical dimensionloops, start at the surface on the bottom of the
gap. Follow a complete dimension loop, to the surface on the top.
Using vectors, create a“closed” loop diagram from the starting surface to the ending surface. Do not
include gaps when selecting the path for the dimension loop. Each vector in the loop diagram repre-
sents adimension.
Use an arrow to show the direction of each “vector” in the dimension loop. Identify each vector as
positive (+), or negative (-), using the following convention.
For horizontal dimensions:
Usea+ sign for dimensions followed from left to right.
Use a—sign for dimensions followed from right to left.
For vertical dimensions:
Use a+ sign for dimensions followed from bottom to top.
Use a—sign for dimensions followed from top to bottom.
Assign avariable nameto each dimension in theloop. (For example, thefirst dimensionisassigned the
variablename A, the second, B.)

Fig. 9-3 shows a horizontal loop diagram for Requirement 6.

» Performance
Reqguirement 6
A (-.375) . Gap >
R (+ 032
C (+.060) @ |
D (+.438) ¢
E (+120) |t —
F %-H .500) .
G (+.120) f——
H (+.438) -
| (+.450) 1
J (=3.019)
K (+.300) Figure 9-3 Horizontal loop diagram for

Regquirement 6

5. Record sensitivities for each dimension. The magnitude of the sensitivity is the value that the gap

changes, when the dimension changes 1 unit. For example, if the gap changes .001 when the dimen-
sion changes .001, then the magnitude of the sensitivity is 1 (.001/.001). On the other hand, if the gap
changes .0005 for a.001 change in the dimension, then the sensitivity is .5 (.0005/.001).

If the dimension vector is positive (pointing to the right for horizontal loops, or up for vertical
loops), enter a positive sensitivity. If a dimension with a positive sensitivity increases, the gap will
also increase.

If the vector is negative (pointing to the left for horizontal loops, or down for vertical 1oops),
enter anegative sensitivity. If adimension with anegative sensitivity increases, the gap will decrease.
Note, in Fig. 9-3, dl of the sengitivities are equal to*1.
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6. Determinewhether each dimensionis“fixed” or “variable.” A fixed dimensionisoneinwhichwehave
no control, such as a vendor part dimension. A variable dimension is one that we can change to
influence the outcome of thetolerance stack. (Thiswill becomeimportant | ater, becausewewill beable
to “adjust” or “resize” the variable dimensions and tolerances to achieve a desired assembly perfor-
mance. We are not able to resize fixed dimensions or tolerances.)

9.2.3 Converting Dimensions to Equal Bilateral Tolerances

In Fig. 9-2, there were several dimensions that were toleranced using unilateral tolerances
(such as .375 +.000/-.031, 3.019 +.012/-.000 and .438 +.000/-.015) or unequal bilateral tolerances (such
as+1.500 +.010/-.004). If welook at the length of the shaft, we seethat there are several different wayswe
could have applied thetol erances. Fig. 9-4 shows several wayswe can dimension and tolerancethelength
of the shaft to achieve the same upper and lower tolerancelimits (3.031/3.019). From adesign perspective,
all of these methods perform the same function. They give a boundary within which the dimension is
acceptable.

: ]
+.012
3.019 7805

+.000
3.031 7375

+.003
3.0281-893

3.025x.006

3.022 igg% Figure 9-4 Methods to dimension the

length of a shaft

The designer might think that changing the nominal dimension has an effect on the assembly. For
example, a designer may dimension the part length as 3.019 +.012/-.000. In doing so, the designer may
falsely think that this will help minimize the gap for Requirement 1. A drawing, however, doesn’t give
preference to any dimension within the tolerance range.

Fig. 9-5 showswhat happensto the manufacturing yieldif the manufacturer “aims” for the dimension
stated on the drawing and the processfollowsthe normal distribution. Inthisexample, if the manufacturer
aimed for 3.019, half of the partswould be outside of the tolerance zone. Since manufacturing shopswant
to maximize the yield of each dimension, they will aim for the nominal that yields the largest number of
good parts. This helps them minimize their costs. In this example, the manufacturer would aim for 3.025.
Thisallowsthem the highest probability of making good parts. If they aimed for 3.019 or 3.031, half of the
manufactured parts would be outside the tolerance limits.

Asinthe previous example, many manufacturing processes are normally distributed. Therefore, if we
put any unilateral, or unequal bilateral tolerances on dimensions, the manufacturer would convert themto
amean dimension with an equal bilateral tolerance. The stepsfor convertingto an equal bilateral tolerance
follow.
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L

!
3.028

!
3,025

3 0'22 Figure 9-5 Methods of centering
3.019 3.031 manufacturing processes

1. Convert the dimension with tolerances to an upper limit and alower limit. (For example, 3.028 +.003/
-.009 has an upper limit of 3.031 and alower limit of 3.019.)

2. Subtract the lower limit from the upper limit to get the total tolerance band. (3.031-3.019=.012)
3. Dividethetolerance band by two to get an equal bilateral tolerance. (.012/2=.006)

4. Add the equa hilateral tolerance to the lower limit to get the mean dimension. (3.019 +.006=3.025).
Alternately, you could subtract the equal bilateral tolerance from the upper limit. (3.031-.006=3.025)

Asarule, designersshould use equal bilateral tolerances. Sometimes, using equal bilateral tolerances
may force manufacturing to use nonstandard tools. In these cases, we should not use equal bilateral
tolerances. For example, we would not want to convert adrilled hole diameter from A125 +.005/-.001 to
AE.127 £.003. In this case, we want the manufacturer to use astandard 125 drill. If the manufacturer sees
AE127 on adrawing, he may think he needs to build a special tool. In the case of drilled holes, we would
also want to use an unequal bilateral tolerance because the mean of the drilling processis usually larger
than the standard drill size. These dimensions should have alarger plus tol erance than minus tolerance.

Aswewill seelater, when we convert dimensionsto equal bilateral tolerances, we don't need to keep
track of which tolerances are “ positive” and which tolerances are “ negative”’ because the positive toler-
ances are equal to the negative tolerances. This makes the analysis easier. Table 9-1 converts the neces-
sary dimensions and tolerances to mean dimensions with equal bilateral tolerances.
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Table 9-1 Converting to mean dimensions with equal bilateral tolerances

M ean Dimension with
Original Dimension/Tolerance| Equal Bilateral Tolerance
.375 +.000/-.031 .3595 +/- .0155
438 +.000/-.015 4305 +/- .0075
1.500 +.010/-.004 1.503 +/- .007
3.019 +.012/-.000 3.025 +/- .006

9.2.4 Calculating the Mean Value (Gap) for the Requirement

Thefirst step in calculating the variation at the gap isto cal cul ate the mean value of the requirement. The
mean value at the gapis:

n
o]
dg =a adi ©.1)
i=1
where
ds = themean valueat thegap. If dgispositive, the mean “gap” has clearance, and if dois
negative, the mean “gap” has interference.
n = thenumber of independent variables (dimensions) in the stackup
a, = sengtivity factor that defines the direction and magnitude for the ith dimension. In a one-

dimensiond stackup, this valueis usudly +1 or —1. Sometimes, in a one-dimensiona stackup,
thisvauemay be+.5 or - 5if aradiusisthe contributing factor for adiameter callout onadrawing.
d. = themean value of theith dimension in the loop diagram.

Table 9-2 showsthe dimensions that areimportant to determine the mean gap for Requirement 6. We
have assigned V ariable Nameto each dimension so that we can write aloop equation. We have al so added

Table 9-2 Dimensions and tolerances used in Requirement 6

+- Equal

Variable Mean Fixed/ Bilateral
Description Name Dimension | Sensitivity | Variable Tolerance
Screw thread length A 3595 -1 Fixed .0155
Washer length B 0320 1 Fixed .0020
Inner bearing cap C .0600 1 Vaiable .0030
turned length
Bearing length D 4305 1 Fixed .0075
Spacer turned length E 1200 1 Vaiadble .0050
Rotor length F 1.5030 1 Fixed .0070
Spacer turned length G 1200 1 Vaiable .0050
Bearing length H 4305 1 Fixed .0075
Pulley casting length | 4500 1 Vaidble .0070
Shaft turned length J 3.0250 -1 Vaiadble .0060
Tapped hole depth K .3000 1 Vaiade .0300
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acolumntitled Fixed/V ariable. Thisidentifieswhich dimensionsand tolerancesare “fixed” intheanalysis,
andwhichonesareallowedtovary (variable). Typically, wehave no control over vendor items, so wetreat
these dimensionsasfixed. Aswemake adjustmentsto dimensions and tol erances, wewill only changethe
“variable” dimensions and tolerances.

Themeanfor Gap6is:

Ga) 6 = aldl + aZdZ +a3d3 +a4d4 +a5d5 +a6d6 +a7d7 +a8d8 +39d9 +a10d10 + alldll
Gap 6 = (-1)A +(1)B +(1)C +(1)D +(1)E +(1)F DG +DH+D)! +=1)J+D)K

Gap 6 = (-1).3595+(1).0320+(1).0600+(1).4305+(1). 1200+(1) 1.5030+(1). 1200+
(1).4305+(1).4500+(-1)3.0250+(1).0300

Gap 6= 0615

9.2.5 Determine the Method of Analysis

Eq. (9.1) only calculatesthe nominal valuefor the gap. The next step isto analyze the variation at the gap.
Historically, mechanical engineershave used two typesof tolerancing modelsto analyze thesevariations:
1) a“worst case” (WC) model, and 2) a “statistical” model. Each approach offers tradeoffs between
piecepart tolerances and assembly “quality.” In Chapters 11 and 14, we will see that there are other
methods based on the optimization of piecepart and assembly quality and the optimization of total cost.

Fig. 9-6 shows how the assumptions about the pieceparts affect the requirements (gaps), using the
worst case and statistical methods. In thisfigure, the horizontal axisrepresentsthe manufactured dimen-
sion. The vertical axis represents the number of partsthat are manufactured at a particular dimension on
the horizontal axis.

Worst Case Statistical

_J Dimension 1 *{/\\*

Mo

_J omension 4+ /TN
| I\

Dimension

Worst Case

Assembly
' . Figure 9-6 Combining piecepart
ﬁgusg rsécm}c/:l f/—‘\ variations using worst case and statistical

methods
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Inthe Worst Case Model, we verify that the partswill perform their intended function 100 percent of
thetime. Thisisoftentimesaconservative approach. In the statistical modeling approach, we assumethat
most of the manufactured parts are centered on the mean dimension. Thisis usually less conservative
than a worst case approach, but it offers several benefits which we will discuss later. There are two
traditional statistical methods; the Root Sum of the Squares (RSS) Model, and the M odified Root Sum of
the Squares (MRSS) Model.

9.2.6 Calculating the Variation for the Requirement

During the design process, the design engineer makes tradeoffs using one of the three classic models.
Typically, the designer analyzes the requirements using worst case tolerances. If the worst case toler-
ances met the required assembly performance, the designer would stop there. On the other hand, if this
model did not meet the requirements, the designer increased the piecepart tolerances (to make the parts
more manufacturable) at the risk of nonconformance at the assembly level. The designer would make
trades, using the RSS and MRSS models.

Thefollowing sections discussthetraditional Worst Case, RSS, and MRSS models. Additionally, we
discuss the Estimated Mean Shift Model that includes Worst Case and RSS model s as extreme cases.

9.2.6.1 Worst Case Tolerancing Model

The Worst Case Model, sometimes referred to as the “Method of Extremes,” is the simplest and most
conservative of the traditional approaches. In this approach, the tolerance at the interface is simply the
sum of the individual tolerances.

The following equation cal cul ates the expected variation at the gap.

J
te =Q |ati] 9.2)
i=1

where
t,. = Maximum expected variation (e%ual bilateral) using the Worst Case Model.
t; = equal bilateral tolerance of thei component in the stackup.

The variation at the gap for Reguirement 6 is:

t,. =I(-1).0155}+|(1).0030}+{(1).0050}+|(1).0075}+{(1).0050}+|(1).0070}+(1).0050]
+|(1).0075}+|(1).0070}+|(-1).0060}+|(1).0300|

t,. =-0955

Using the Worst Case Model, the minimum gap is equal to the mean value minus the “worst case”
variation at the gap. The maximum gap is equal to the mean value plus the “worst case” variation at the
gap.

Minimum gap =d, - t,.

Maximumgap=d,+t

The maximum and minimum assembly gaps for Requirement 6 are:

Minimum Gap 6 = d, - t,,. = .0615 - .0955 = -.0340
Maximum Gap 6 =d, + t,,. =.0615+.0955= .1570
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Therequirement for Gap 6 isthat the minimum gap must be greater than 0. Therefore, wemust increase
the minimum gap by .0340 to meet the minimum gap requirement. Oneway to increasetheminimumgap is
to modify the dimensions (d.’ s) toincreasethe nominal gap. Doing thiswill also increasethe maximum gap
of the assembly by .0340. Sometimes, we can’t do this because the maximum requirement may not allow it,
or other requirements (such as Requirement 5) won't allow it. Another option isto reduce the tolerance
values (t.'s) in the stackup.

Resizing Tolerances in the Worst Case Model

There are two ways to reduce the tolerances in the stackup.
1. Thedesigner could randomly change the tolerances and analyze the new numbers, or

2. Iftheorigina numberswere*“weighted” the same, then all variabletol erances (those under the control
of thedesigner) could bemultiplied by a“resize” factor toyield the minimum assembly gap. Thisisthe
correct approach if the designer assigned original tolerances that were equally producible.

Resizingisamethod of allocating tolerances. (See Chapters11 and 14 for further discussion ontolerance
alocation.) Inalocation, we start with adesired assembly performance and determine the piecepart tolerances
that will meet this requirement. Theresizefactor, F, . , scalestheoriginal worst casetolerances up or down to
achieve the desired assembly performance. Since the designer has no control over tolerances on purchased
parts (fixed tolerances), the scaling factor only appliesto variabletolerances. Eq. (9.2) becomes:

| aty|+8at

where,
a; = sensitivity factor for the] fixed component in the stackup
ak: sensitivity factor for the k var| able component in the stackup
= equal bilateral tolerance of the| J " fixed component in the stackup
tkv equal bilateral tolerance of the k variable component in the stackup
p = number of independent, fixed dimensions in the stackup
g = number of independent, variable dimensionsin the stackup

The resize factor for the Worst Case Model is:

d, - a|a] ]f|

Alatd
k=1

where
Or = minimum value at the (assembly) gap. Thisvalueiszeroif nointerference or clearanceisallowed.

The new variable tolerances(t,, .. .4 ) @€ the old tolerances multiplied by the factor F .

t =F,.ty

kv,we,resized

= equal bilateral tolerance of thek™, variable component in the stackup after resizing using the
Worst Case Model.

kv,we,resized
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Fig. 9-7 shows the relationship between the piecepart tolerances and the assembly tolerance before

and after resizing.

K
0.0400 1 Original
0.0350 A Tolerances

8 0.0300 _

S Resized

E 0.0250 A Tolerances

o

= 0.0200 A

S 0.0150 4 !

3 T esc

2 0.0100 4 —]

o c
0-0050 -5/ V4
0.0000 4 } } } } } } } {

[32] (o] n - M~ o™ (2] n — N~
(e} sl N~ [32] [ee] < [*2] n — [{e}
n [{e] [{e) N~ ~ ee) o] (2] o o
© S S © © S © S = =
o o o o o o o o o o

Assembly Tolerance

Figure 9-7 Graph of piecepart tolerances versus assembly tolerance before and after resizing
using the Worst Case Model

Theresizefactor for Requirement 6 equals.3929. (For example, .0030isresized to.3929*.0030 =.0012.)
Table 9-3 shows the new (resized) tol erances that would give a minimum gap of zero.

Table 9-3 Resized tolerances using the Worst Case Model

Variable | Mean Dimension | Fixed/ | +/- Equal Resized +/-
Name Variable | Bilateral | Equal Bilateral
Tolerance| Tolerance
(bvweresize )
A .3595 Fixed .0155
B .0320 Fixed .0020
C .0600 Variable .0030 .0012
D .4305 Fixed .0075
E .1200 Variable .0050 .0020
F 1.5030 Fixed .0070
G .1200 Variable .0050 .0020
H .4305 Fixed .0075
I .4500 Variable .0070 .0027
J 3.0250 Variable .0060 .0024
K .3000 Variable .0300 .0118
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Asacheck, we can show that the new maximum expected assembly gap for Requirement 6, using the
resized tolerances, is:
t = .0155+.0020+.0012+.0075+.0020+.0070+.0020+.0075+.0027+.0024+.0118

we,resized

t = .0616

we,resized
Thevariation atthegapis:
Minimum Gap6:dg-t =.0615-.0616 =-.0001

we,resized

Maximum Gap 6 = dg +t =.0615+.0616 = .1231

wc,resized
Assumptions and Risks of Using the Worst Case Model

Intheworst case approach, the designer does not make any assumptionsabout how theindividual piecepart
dimensions are distributed within the tolerance ranges. The only assumption is that all pieceparts are
within thetolerancelimits. Whilethismay not alwaysbetrue, the method isso conservativethat partswill
probably still fit. Thisisthe method’ s major advantage.

Themagjor disadvantage of the Worst Case M odel iswhen there are alarge number of components or
asmall “gap” (asin the previous example). In such applications, the Worst Case Model yields small
tolerances, which will be costly.

9.2.6.2 RSS Model

If designers cannot achieve producible piecepart tol erancesfor agiven requirement, they can take advan-
tage of probability theory to increase them. Thistheory is known as the Root Sum of the Squares (RSS)
Model.

The RSS Model is based on the premise that it is more likely for parts to be manufactured near the
center of the tolerance range than at the ends. Experience in manufacturing indicatesthat small errorsare
usually more numerous than large errors. The deviations are bunched around the mean of the dimension
and are fewer at points farther from the mean dimension. The number of manufactured pieces with large
deviations from the mean, positive or negative, may approach zero as the deviations from the mean
increase.

The RSS Model assumes that the manufactured dimensions fit a statistical distribution called a
normal curve. This model also assumes that it is unlikely that parts in an assembly will be randomly
chosen in such away that the worst case conditions analyzed earlier will occur.

Derivation of the RSS Equation*

We'll derive the RSS equation based on statistical principles of combinations of standard deviations. To
make our derivation as generic as possible, let’s start with a function of independent variables such as

y=f(x,%,,....x,). Fromthis function, we need to be able to calculate the standard deviationof y, or S . But
how do wefindS if all we haveisinformation about the componentsx,? L et’s start with the definition of
S,

Yy

av-mp
s 2=zl r

*Derived by Dale Van Wyk and reprinted by permission of Raytheon Systems Company
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where,
m
r

Let Dy =y-m

the mean of the random variabley
the total number of measurements in the population of interest

1if
- ichi Dy »dy=—-dx, +——dx, +..+—d
If D, issmall, whichisusually the case, Py > & T X oo e * Xn (9.3

a v’
Therefore, s § ==17 (94)

r
[o]
|

From Eg. (9.3),

d Gaem Ceeqf

+ g— dx dx
el kal éﬂx e g( k

n n@é =
If all the variablesx, areindependent, § & é_r ! 2ox; Jax )i =0

The same would hold truefor all similar terms. Asaresult,

r .2 .2 u

g § St o @ff 0, v, eeff &, LY
dy; dx )°+ T (dx )+ + * (dx,)?U

a (dy)* = %gﬂxlg( %5 ﬂng( 2) mfz( ) ¥

i=1

Each partial derivativeis evaluated at its mean value, which is chosen asthe nominal. Thus,

fix
where C, is a constant for each x,
é_ (ay, )2 = &M Qzé’r[ (dx )2 +ae§—ﬂf Qzé’r[ (ch, )2 +.. + &N 925 (dx,, )2
)2 = i 3 ) I o )+ I - 9.5
i=1 I ﬂxl!Zl i=1 I ﬂXZIZJ i=1 I gﬂxnﬁ i=1 " ( )
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Using the results of Eq. (9.5) and inserting into Eq. (9.4)

2 2 2
aeﬂfcsé( 2 2T § 8 2, ®f 04 2
I dx )i +H—= (dx )i +..+ I (dx )i
, s &\ 5 A0 G 5 A
Sy = -
o 2 S
oa (o i 2 a (dx, ) 2a (dx, )
s? :aalg i=1 -l e g i=1 (9.6)
™ g g'ﬂng r ™n & r
. 2
Siz?lgsuglgsz Al
ﬂxlﬂ ' 'ﬂxzfa : ﬂxnﬁ

Now, let’ sapply thisstatistical principleto tolerance analysis. We'll consider each of the variablesx,
tobeadimension, D,, with atolerance, T.. If thenominal dimension, D,, isthe same asthe mean of anormal
distribution, we can use the definition of a standard normal variable, Z, asfollows. (See Chapters 10 and
11 for further discussionson Z.)

7 2USi-Di T
S| S,

s, =0

=5 ©7

If the pieceparts are randomly selected, this relationship applies for the functiony aswell asfor each T.
n

[}
For one-dimensional tolerance stacks, Y= @ &Di where each a, represents the sensitivity.
i=1

y _
In this case, ™ 8 and Eq. (9.6) becomes
1

2

s;=als; +ajs) +.+as] (9.8)

£I'

.2
BT 0 &,T,0 el 0
When you combine Eq. (9.7) and Eq. (9.8), g H g“**' 22' +. +gznf
VA n g

Z, 99)

If al of the dimensions are equally producible, for example if al are exactly 3s tolerances, or al are 6s
tolerances, Z=7,=7=..=Z . In addition, leta,=a,=...=a =+/-1

Eq. (9.9) will thenreduceto Ty =Ty? +T7 + .. +T7

o T, = \[le +TZ+ .. +T72 (9.10)

which isthe classical RSS equation.
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Let’ sreview the assumptions that went into the derivation of this equation.
* All the dimensionsD, are statistically independent.
* Themean value of D,islarge compared tos,. The recommendation isthat D, /s, should be greater than
five.
* Thenominal valueistruly the mean of D..
* Thedistributions of the dimensions are Gaussian, or normal.
* The pieceparts are randomly assembled.
¢ Each of thedimensionsisequally producible.
* Each of the sensitivities has a magnitude of 1.
* Z equations assume equal bilateral tolerances.

Thevalidity of each of these assumptionswill impact how well the RSS prediction matchesthereality
of production.

Notethat while Eq. (9.10) isthe classical RSS equation, we should generally writeit asfollows so that
wedon’t lose sensitivities.

tres = \/alt1 +a2 2 +..+alt? (9.11)

Historically, Eq. (9.11) assumed that all of the component tolerances(t; ) represent a3s, valuefor their
manufacturing processes. Thus, if all the component distributions are assumed to be normal, then the

probability that a dimension is between=t; is99.73%. If thisistrue, then the assembly gap distributionis
normal and the probability that it isxt, between is 99.73%.

Although most peopl e have assumed aval ue of £3s for piecepart tol erances, the RSS equation works
for “equal s” values. If the designer assumed that the input tolerances were *4s valuesfor the piecepart
manufacturing processes, then the probability that the assembly is between %t is99.9937 (4s).

The 3s processlimitsusing the RSS Model are similar to the Worst Case Model. Theminimum gapis

equal to the mean value minus the RSS variation at the gap. The maximum gap isequal to the mean value
plusthe RSS variation at the gap.

Minimum 3s process limit =d - t,
Maximum 3s processlimit = d, + t,

Using the original tolerances for Requirement 6, t,is:

N =

e( 1)2 01552 . (1) 2 2 4(1)2.0030 2 +(1) 2.0075 2 + (1) 2.0050 2 + (1) 2 .0070 2 +U
g(l) 0050 2 +(1) 2.0075 2 +(1) 2.0070 2 + (- 1)2.0060 2 + (1) 2.0300 2

,_,,
[eox¥ enY e

= .0381

Thethree sigmavariation at thegap is:
Minimum 3s process variation for Gap 6 = d, -t =.0615- .0381 = .0234
Maximum 3s process variation for Gap 6 =d, + t  =.0615+.0381 = .099%6
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Resizing Tolerances in the RSS Model

Using the RSS Model, the minimum gap is greater than the requirement. Asin the Worst Case Model, we
can resize the variable tolerances to achieve the desired assembly performance. As before, the scaling
factor only appliesto variable tolerances.

Treres z2fada’ F _, for the RSSModel is:

rss?

(dy- 0) - & 2yt )2
Frss: =

(ayti)?

=~

) mo_o

1

The new variable tolerances (t,,, . e,c0) &€ the old tolerances multiplied by the factor F .

F .t

tkv,rss,resized_ rss kv

b rssresieg — €0UAl bilateral tolerance of the k™, variable component in the stackup after resizing using the
RSS Modé!.

Fig. 9-8 shows the relationship between the piecepart tolerances and the assembly tolerance before
and after resizing.

Resized K
Tolerances \
0.0600 -+
Original | —
0.0500 4 Tolerances
S
c
© 0.0400 -
o
o
- 0.0300 1 I
;3;_ J
@ 0.0200 - / oo
2 ; ,
a
0.0100 4 =, Cc
0.0000 t } } } } t t t i
< o o ~ © 0 el o o) 0 ©
0 [ee] o [32] [{e] o [3\] 19} o - <
™ ™ < < < < e} Te} 0 © ©
o (<) o o (<) (=) o o o =) o

Assembly Tolerance

Figure 9-8 Graph of piecepart tolerances versus assembly tolerance before and after resizing using the RSS Model

The new variable tolerances are the old tolerances multiplied by the factor F, .
Theresize factor for Requirement 6 is 1.7984. (For example, .0030 isresized to 1.7984*.0030 = .0054.)
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Table 9-4 shows the new tolerances that would give a minimum gap of zero.

Table 9-4 Resized tolerances using the RSS Model

Variable | Mean Dimension | Fixed/ Original Resized +/-
Name Variable | +/- Equal | Equal Bilateral
Bilateral Tolerance
Tolerance (tivrssresized)
A .3595 Fixed .0155
B .0320 Fixed .0020
C .0600 Variable .0030 .0054
D 4305 Fixed .0075
E .1200 Variable .0050 .0090
F 1.5030 Fixed .0070
G .1200 Variable .0050 .0090
H 4305 Fixed .0075
| .4500 Variable .0070 .0126
J 3.0250 Variable .0060 .0108
K .3000 Variable .0300 .0540

Asacheck, we can show that the new maximum expected assembly gap for Requirement 6, using the
resized tolerances, is:

1
g(-1)2.01552 +(1)2.0020 2 + (1)2.0054 2 + (1)2.00752 + (1)2 .0090 2 +(1)2 .00702 +82
£(1)2.00902 +(1)2.0075 2 +(1)2.0126 % +(- 1)%.01082 + (1) 2 .0540 H

trs,s,resized -

= .0615

trss,resized

Thevariation at thegapis:

=.0615-.0615=0
=.0615+.0615= .1230

Minimum 3s process variation for Gap 6 = d; —t oz
Maximum3s  process variation for Gap 6 =d; + t o e

Assumptions and Risks of Using the RSS Model

The RSS Model yields larger piecepart tolerances for a given assembly gap, but the risk of defects at

assembly is higher. The RSS Model assumes:

a) Piecepart tolerances are tied to process capabilities. This model assumes that when the designer
changes atolerance, the process capabilities will also change.

b) All process distributions are centered on the midpoint of the dimension. It does not allow for mean
shifts (tool wear, etc.) or for purposeful decentering.

c) All piecepart dimensions are independent (covariance equals zero).


Joe Sulton


Joe Sulton



9-18 Chapter Nine

d) Thebad partsarethrowninwiththegoodintheassembly. The RSSModel does not takeinto account
part screening (inspection).

e) Thepartsincluded inany assembly have been thoroughly mixed and the componentsincludedin any
assembly have been selected at random.

f) TheRSS derivation assumes equal bilateral tolerances.

Remember that by deriving the RSS equation, we made the assumption that all tolerances (t;'s) were
equally producible. Thisisusually not the case. The only way to know if atoleranceis producibleis by
understanding the process capability for each dimension. Thetraditional assumptionisthat thetolerance
(t,) isequal to 3s, and the probability of adefect at the gap will be about .27%. Inreality, it isvery unlikely
to be a 3s value, but rather some unknown number.

The RSS Model is better than the Worst Case Model because it accounts for the tendency of
piecepartsto be centered on amean dimension. In general, the RSSModel isnot usedif therearelessthan
four dimensionsin the stackup.

9.2.6.3 Modified Root Sum of the Squares Tolerancing Model

Inreality, the probability of aworst caseassembly isvery low. At theother extreme, empirical studieshave
shown that the RSS M odel does not accurately predict what is manufactured because some (or all) of the
RSS assumptions are not valid. Therefore, an option designers can use isthe RSS Model with a“correc-
tion” factor. Thismodel is called the Modified Root Sum of the Squares Method.

twrss = Cp @2t2 +a2t2 +...+a3t2

where
C; = correction factor used in the MRSS equation.
e = €xpected variation (equal bilateral) using the MRSS model.

Several experts have suggested correction factors (C;) in the range of 1.4 to 1.8 (References 1,4,5
and 6). Historically, the most common factor is 1.5.
Thevariation atthegapis:

Minimum gap = d; -ty
Maximum gap= d, + t_
In our example, we will use the correction factor suggested in Reference 2.
- 0'5(twc - trs.s)
trss ('\/H' 1)
This correction factor will alwaysgiveat valuethat islessthant . Inour example, C;is:
_ 0.5(.0955 - .0381)

0381 (Vi1 - 1)
=13252

C; +1

f +1

C

f
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Using the original tolerances for Requirement 6,t_ _is
1

e( 1)2.01552 +(1)2.00202 +(1)?.0030% +(1)2.00752 +(1)2.0050 2 +(1)? .00702 +u2
trss =1.32526

£(1)2.00502 + (1)2.00752 + (1) 2.0070 % + (- 1) % .0060 2 +(1)2.03002 g
t - =.0505

nmrss

Thevariation at thegapiis:

Minimum Gap6=d, - =.0615-.0505=.0110
Maximum Gap 6 = dt =.0615+.0505=.1120

g ‘mrss

Resizing Tolerances in the RSS Model

Similar to the RSS Model, the minimum gap using the MRSS Model is greater than the requirement.
Likethe other models, we can resize the variabl e tolerances to achieve the desired assembly performance.
Theequation for theresizefactor, F ,_, ismuch more complex for thismodel. Thevalueof F_,  isaroot of
the following quadratic equation.

nrss’

aF, 2+ bF  +c=0

mrss
where
& & q q
a=0-25§éaktkv_ - 2258 (ayti)* +3/n & (aktkv) - né(adi)’
k=l g k=1 k=1 k=1

q o - -
bzosé(aktkv) é— ( jtjf )"ééaktkvgdg - gm)' \/ﬁ éaaktkvgdg - gm)

k=1 k=1 7] k=1 [}

2 "
c= 025§aat +(dg - gm)? -2Jﬁ(dg_gm)2+n(dg-gm)2+§%ajtjf 14, - on)
ﬂ = (%]

2 - 2, 2
*/?‘éa a;tif gdg gm) 2258 (aJ Jf) + na(aJtJf) 'na(aJtJf)
i1 g El =L Et
Therefore,

-b - +/b? - 4ac

2a

Fmrss =
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Fig. 9-9 shows the relationship between the piecepart tolerances and the assembly tolerance before
and after resizing.

The new variable tolerances(t s aretheold tolerances multiplied by the factor F .
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Figure 9-9 Graph of piecepart tolerances versus assembly tolerance before and after resizing using the MRSS Model

tkv,n‘lrss,r&sized = Fmrss tkv
b mrssreszeg = €QUA bilateral tolerance of the k™, variable component in the stackup after resizing using the
MRSS Model.

The resize factor for Requirement 6 is 1.3209. (For example, .0030 isresized to 1.3209*.0030 = .0040.)
Table 9-5 shows the new tolerances that would give a minimum gap of zero.

Table 9-5 Resized tolerances using the MRSS Model

Variable | Mean Dimension | Fixed/ Original Resized +/-
Name Variable | +/- Equal | Equal Bilateral
Bilateral Tolerance
Tolerance (tivmrssresized)
A .3595 Fixed .0155
B .0320 Fixed .0020
C .0600 Variable .0030 .0040
D .4305 Fixed .0075
E .1200 Variable .0050 .0066
F 1.5030 Fixed .0070
G .1200 Variable .0050 .0066
H .4305 Fixed .0075
I .4500 Variable .0070 .0092
J 3.0250 Variable .0060 .0079
K .3000 Variable .0300 .0396
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As acheck, we show the following calculations for the resized tolerances.

t =.0155+.0020+.0040+.0075+.0066+.0070+.0066+.0075+.0092+.0079+.0396

we, resized
twc, resized =.1134

1
g(-1)2.01552+(1)2.00202 +(1)2.00402 +(1)2 00752 +(1)% .0066 2 + (1)2 .0070? +32

trss, resized =€ p
£(1)2.00662 +(1)2.00752 +(1)%.00922 + (- 1)2.0079 2 +(1)?.039%6 2 4
trss, resized =.0472
0.5(.1134 - .0472)
Cf, resized = +1
TEET e (J1L- 1)
Cf, resized =13032

1
€(- 1)2.01552 + (1)2.00202 + (1) 2.00402 +(1) 2.00752 +(1) 2 .00662 + (1)2 .00702 +32

Errrss resized =1.30328 v
8(1)2.00662 +(1) 2 .00752 + (1) .00922 + (- 1)2.00792 + (1) 203962 H

tmrss, resized = 0615

As a check, we can show that the expected assembly gap for Requirement 6, using the resized
tolerances, is:
Minimum Gap 6 =d,—t =.0615 - .0615 =.0000

mrssresized

Maximum Gap6=d, + t =.0615+.0615= .1230

nrss,resized
Assumptions and Risks of Using the MRSS Model

The uncertainty associated with the MRSS Model isthat thereisno mathematical reason for the factor C..
The correction factor can be thought of asa“ safety” factor. The more the RSS assumptions depart from
reality, the higher the safety factor should be.
The MRSS Model also has other problems.
a) Itappliesthe same*“safety” factor to all thetolerances, even though they don’t deviate from the RSS
assumptions equally.
b) If fixed correction factors proposed in the literature are used, the MRSS tolerance can be larger than
the worst case stackup. This problem is eliminated with the use of the cal culated C; shown here.

c) Ifthetolerancesareequal andthereareonly two of them, the MRSS assembly tolerancewill alwaysbe
larger than the worst case assembly tolerance when using the calculated correction factor.

The MRSSModel isgenerally considered better than the RSS and Worst Case model sbecauseit tries
to model what has been measured in the real world.
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9.2.6.4 Comparison of Variation Models

Table 9-6 summarizesthe Worst Case, RSS, and MRSS modelsfor Requirement 6. The“Resized” columns
show the tolerances that will give a minimum expected gap value of zero, and a maximum expected gap
value of .1230 inch. Asexpected, theworst case tolerance values are the smallest. Inthisexample, there-
sized RSS tolerance values are approximately three times greater than the worst case tolerances. It is
obvious that the RSS tolerances will yield more pieceparts. The MRSS resized tolerance values fall be-
tween the worst case (most conservative) and RSS (most risk of assembly defects) values.

Table 9-6 Comparison of results using the Worst Case, RSS, and MRSS models

Tolerance Analysis
Dim. Worst Case RSS MRSS

Mean Dim.| Sens. | Type |Origina | Resized| Origina | Resized | Original | Resized

.3595 -1.0000 | Variable| .0155 .0155 .0155

.0320 1.0000 | Fixed | .0020 .0020 .0020

.0600 1.0000 | Variable| .0030 | .0012 | .0030 .0054 | .0030 | .0040

.4305 1.0000 | Fixed | .0075 .0075 .0075

.1200 1.0000 | Variable| .0050 | .0020 | .0050 .0090 [ .0050 [ .0066
1.5030 1.0000 | Fixed | .0070 .0070 .0070

.1200 1.0000 | Variable| .0050 | .0020 | .0050 .0090 | .0050 | .0066

.4305 1.0000( Fixed | .0075 .0075 .0075

.4500 1.0000 | Variable| .0070 | .0027 | .0070 .0126 | .0070 | .0092
3.0250 -1.0000 | Variable| .0060 | .0024 | .0060 .0108 | .0060 | .0079

.3000 1.0000 | Variable| .0300 | .0118 | .0300 .0540 | .0300 | .0396

Nominal Gap .0615 | .0615 | .0615 .0615 | .0615 | .0615
Minimum Gap -.0340 | .0001 | .0234 .0000 | .0110 | .0000
Expected Variation .0955 | .0616 | .0381 .0615 | .0505 | .0615

Table 9-7 summarizesthe tradeoffsfor thethree models. All the models have different degrees of risk
of defects. The worst case tolerances have the least amount of risk (i.e. largest number of assemblies
within the expected assembly requirements). Because of thetight toleranceswewill reject more pieceparts.
Worst case also impliesthat we are doing 100% inspection. Since we haveto tighten up thetolerancesto
meet the assembly specification, the number of rejected pieceparts increases. Therefore, this model has
the highest costs associated with it. The RSStoleranceswill yield the |east piecepart cost at the expense
of alower probability of assembly conformance. The MRSS Model triesto take the best of both of these
models. It gives ahigher probability of assembly conformance than the RSS Model, and lower piecepart
costs than the Worst Case Model.

Within their limitations, the traditional tolerancing models have worked in the past. The design
engineer, however, could not quantify how well they worked. He also could not quantify how cost
effectivethetolerance valueswere. Obviously, these methods cannot consistently achieve quality goals.
Oneway to achieve quality goalsisto eliminate the assumptionsthat go along with the classical toleranc-
ing models. By doing so, we can quantify (sigma level, defects per million opportunities (dpmo)) the
tolerances and optimize tolerances for maximum producibility. Theseissues are discussed in Chapter 11,
Predicting Assembly Quality.
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Table 9-7 Comparison of analysis models

Worst Case
Consideration Modd RSSMode MRSSMode
Risk of Defect L owest Highest Middle
Cost Highest L owest Middle
Assumptionsabout | None The processfollows a The process follows
component normal distribution. The | anormal distribution.
processes mean of the processis The mean of the process
equal to the nominal distribution is not
dimension. Processes necessarily equal to the
are independent. nominal dimension.
Assumptionsabout | Dimensions Thetoleranceisrelated | Thetoleranceisrelated
drawingtolerances | outsidethe to amanufacturing to amanufacturing
tolerancerange| process capability. process capability.
are screened Usually the tolerance Usually the tolerance
out. rangeisassumedtobe | rangeisassumed to be
the +/- 3 sigmalimit the +/- 3 sigmalimit
of the process. of the process.
Assumptionsabout | 100% of the The assembly 99.73% of the assemblies
expected assembly | partsarewithin | distribution isnormal. will be between the
variation the maximum Depending on the minimum and maximum
and minimum piecepart assumptions, | gap. The correction
performance apercentage of the factor (C,) isasafety
range. assemblieswill be factor.
between the minimum
and maximum gap.
Historically, this has
been 99.73%. Some
out of specification
parts reach assembly.

9.2.6.5 Estimated Mean Shift Model

9-23

Generally, if we don’t have knowledge about the processes for manufacturing a part, such as a vendor
part, we are more inclined to use the Worst Case Model. On the other hand, if we have knowledge about
the processes that make the part, we are more inclined to use a statistical model. Chase and Greenwood
proposed atolerancing model that blends the Worst Case and RSS models. (Reference 6) ThisEstimated
Mean Shift Model is:

tems = én- Imait, |+én. ((1 m )° aiztiz)
i=1 i=1

where
m = the mean shift factor for theith component
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Inthismodel, the mean shift factor isanumber between 0 and 1.0 and represents the amount that the
midpoint is estimated to shift asafraction of the tolerance range. If aprocesswere closely controlled, we
would use a small mean shift, such as.2. If we know less about the process, we would use higher mean
shift factors.

Using a mean shift factor of .2 for the variable components and .8 for the fixed components, the
expected variation for Requirement 6is:

tems =|-8(- 1).0155| +|.8(1).0020| +|.2(1).0030 | +|.8(1).0075| +|.2(1).0080 | +
|8(1).0070| +|.2(1).0050 | +|.8(1).0075| +| .2(1).0070| +| .2(- 1).0060| +.2(1).0300| +
1
é2(-1).0155) +{ .22 (1)2.00202)+ 82 (1)2.2)+ .22(1)2.00752)+ U,

€ u
8.8 (1)2.0050% | +(.2% (1)*.0070° +(.82(1)2.oo5o2 +(.22 (1)2.00752)+g
€| u
3.82 (1)?.0070? |+ .82(—1)2.00602)+(.82(1)2.03002) g

tome = 0690

Thefirst part of the Estimated Mean Shift Model is the sum of the mean shifts and is similar to the
Worst Case Model. Noticeif we set the mean shift factor to 1.0 for all the components, tems isequal to .0955,
which is the same ast,,.. The second part of the mode! isthe sum of the statistical components. Notice if
we used amean shift factor of zero for all of the components, tems isequal to .0381, whichisthe same ast, .

Thetwo major advantages of the Estimated Mean Shift Model are:

* |talowsflexibility inthe design. Some components may be modeled like worst case, and some may be
modeled statistically.

* Themodel can beused to estimate designs (using conservative shift factors), or it can accept manufac-
turing data (if it isavailable).

9.3 Analyzing Geometric Tolerances

The previous discussions have only included tolerances associated with dimensions in the tolerance
analysis. We have not yet addressed how to model geometric tolerancesin the loop diagram.
Generally, geometric controls will restrain one or several of the following attributes:
* Location of the feature
* Orientation of the feature
* Form of the feature

The most difficult task when modeling geometric tolerances is determining which of the geometric
controls contribute to the requirement and how these controls should be modeled in the loop diagram.
Because the geometric controlsareinterrelated, there are no hard and fast rulesthat tell ushow toinclude
geometric controlsintolerance analyses. Sincethere are several modeling methods, sometimesweinclude
GD&T inthe model, and sometimes we do not.

Generally, however, if afeature is controlled with geometric tolerances, the following apply.

* If thereisalocation control on afeature in the loop diagram, we will usually includeit in the analysis.

¢ |f thereisan orientation control on afeature in the loop diagram, we may includeit in the analysis as
long as the location of the feature is not a contributor to the requirement.
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* |f thereisaform control on afeaturein theloop diagram, we may includeit in the analysisaslong as
the location, orientation, or size of the feature is not a contributor to the requirement. Any time parts
come together, however, we have surface variations that introduce variations in the model.

* Geometric form and orientation controls on datum features are usually not included in loop diagrams.
Since datums are the “ starting points’ for measurements, and are defined as the geometric counter-
parts (high points) of the datum feature, the variationsin the datum features usually don’t contribute
tothevariation analysis.

Thereisadifference between aGD& T control (such asaform control) and afeature variation (such
asformvariation). If weadd aGD&T control to astack, we add to the output. Therefore, we should only
includethe GD&T controlsthat add to the output.

GD&T controls are generally used only in worst case analyses. Previously we said that the Worst
Case Model assumes 100% inspection. Since GD& T controls are the specification limitsfor inspection, it
makes sense to use them in this type of analysis. In a statistical analysis, however, we either make
assumptions about the manufacturing processes (as shown previously), or use real datafrom the manu-
facturing processes (as shownin Chapter 11). Sincethe manufacturing processes are sources of variation,
they should be inputsto the statistical analyses. Since GD& T controls are not sources of variation, they
should not be used in a statistical analysis.

Thefollowing sections show examples of how to model geometric tolerances. The examplesaresingle
part stacks, but the concepts can be applied to stacks with multiple components.

9.3.1 Form Controls

Form controls should seldom be included in a variation analysis. For nonsize features, the location, or
orientation tolerance usually controls the extent of the variation of the feature. The form tolerance is
typically a refinement of one of these controls. If a form control is applied to a size feature (and the
Individual Feature of Size Rule applies from ASME Y 14.5), the size tolerance is usually included in the
variation analysis. In these cases, the form tolerance boundary isinside the size tolerance boundary, the
location tolerance boundary, or the orientation tolerance boundary, so the form control is not modeled.
If form tolerances are used in the loop diagram, they are modeled with anominal dimension equal to
zero, and an equal bilateral tolerance equal to the form tolerance. (Depending on the application, some-
timesthe equal bilateral toleranceis equal to half the form tolerance.)
Fig. 9-10 shows an assembly with four parts. In this example, the requirement is for the Gap to be
greater than zero. For this requirement, the following applies to the form controls.
* Flatness of .001 on the substrate is not included in the loop diagram because it is a datum.
* Flatnessof .002 on the heatsink isincluded in the loop diagram.
* Flatness of .002 on the housing is not included in the loop diagram because it is a refinement of the
location tolerance.
* Flatness of .004 on the housing is not included in the loop diagram because it is adatum.

* Flatness of .006 on the housing is not included in the loop diagram because it is a refinement of the
location.
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9.3.2 Orientation Controls

Like form controls, we do not often include orientation controls in a variation analysis. Typicaly we
determine the feature’ s worst-case tol erance boundary using the location or size tolerance.

If orientation tolerances are used in the loop diagram, they are modeled like form tolerances. They
have a nominal dimension equal to zero, and an equal bilateral tolerance equal to the orientation
tolerance. (Depending on the application, sometimes the equal bilateral tolerance is equal to half the
orientation tolerance.)

In Fig. 9-10, the following describes the application of the orientation controls to the Gap analysis.
¢ Parallelism of .004 to datum A on the Substrate is not included in the loop diagram because it is a

refinement of the size dimension (.040 .003).

* Paralelism of .004 to datum A on the Housing is not included in the loop diagram because it is a
refinement of the location tolerance.
* Parallelism of .004 to datum A on the Window isincluded in the loop diagram.
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Therefore, the equation for the Gap in Fig. 9-10is:. Gap =-A+B-C+D+E

where
A= 040 £.003
B=0 +.002
C= 125 =+.005
D= .18 =.008
E=0 +.004

9.3.3 Position

There are several ways to model a position geometric constraint. When we use position at regardless of
feature size (RFS), the size of the feature, and the location of the feature are treated independently. When
we use position at maximum material condition (MMC) or at |east material condition (LMC), the size and
location dimensions cannot be treated independently. The following sections show how to analyze these
situations.

9.3.3.1 Position at RFS

Fig. 9-11 shows a hole positioned at RFS.

— 2.0625%.0001
[ 0022]A]B[C]

~=— Gap

—A/2

— ¢ —+B Figure 9-11 Position at RFS

The equation for the Gapin Fig. 9-11is. Gap=-A/2+B
where

A=.0625 +.0001

B=.2250 +.0011

9.3.3.2 Position at MMC or LMC

As stated earlier, when we use position at MMC or LMC, the size and location dimensions should be
combined into one component in the loop diagram. We can do this using the following method.

1) Calculatethelargest “outer” boundary allowed by the dimensions and tolerances.
2) Cadculatethesmallest “inner” boundary allowed by the dimensions and tolerances.
3) Convert theinner and outer boundary into anominal diameter with an equal bilateral tolerance.
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9.3.3.3 Virtual and Resultant Conditions

When calculating the internal and external boundaries for features of size, it is helpful to understand the
following definitionsfrom ASME Y 14.5M-1994.

Virtual Condition: A constant boundary generated by the collective effects of a size feature’ s speci-

fied MMC or LMC and the geometric tolerance for that material condition.

The virtual condition (outer boundary) of an external feature, called out at MMC, is equal to its
maximum material condition plus its tolerance at maximum material condition.

The virtual condition (inner boundary) of an internal feature, called out at MMC, is equal to its
maximum material condition minusits tolerance at maximum material condition.

The virtual condition (inner boundary) of an external feature, called out at LMC, is equal to its |least
material condition minusitstolerance at least material condition.

The virtual condition (outer boundary) of an internal feature, called out at LMC, isequal to itsleast
material condition plusitstolerance at least material condition.

Resultant Condition: The variable boundary generated by the collective effects of a size feature's

specified MMC or LMC, the geometric tolerance for that material condition, the size tolerance, and the
additional geometric tolerance derived from its specified material condition.

The smallest resultant condition (inner boundary) of an external feature, called out at MMC, isequal to
itsleast material condition minusitstolerance at least material condition.

Thelargest resultant condition (outer boundary) of aninternal feature, called out at MMC, isequal to
its least material condition plusitstolerance at |east material condition.

Thelargest resultant condition (outer boundary) of an external feature, called out at LMC, isequal to
its maximum material condition plusitstolerance at maximum material condition.

The smallest resultant condition (inner boundary) of an internal feature, called out at LMC, isequal to
its maximum material condition minusits tolerance at maximum material condition.

9.3.3.4 Equations

We can use the following equations to cal culate the inner and outer boundaries.

For an external featureat MMC
outer boundary = VC = MMC + Geometric Toleranceat MMC
inner boundary = (smallest) RC=LMC —Toleranceat LMC
For an internal featureat MMC
inner boundary = VC = MMC - Geometric Toleranceat MMC
outer boundary = (largest) RC=LMC + Toleranceat LMC
For an external featureat LMC
inner boundary =VC = LMC - Geometric Toleranceat LMC
outer boundary = (largest) RC = MMC + Toleranceat MMC
For aninternal featureat LMC
outer boundary = VC = LMC + Geometric Toleranceat LMC
inner boundary = (smallest) RC = MMC — Toleranceat MMC
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Converting an Internal Feature at MMC to a Nominal Value with an Equal Bilateral
Tolerance

Fig. 9-12 shows a hole that is positioned at MMC.
+.005
3X 2.140 Zga7

©12.014@]AB(C]

$.139 Hole
@.014

Tolerance Zone

Smallest Inner
Boundary
(Virtual Condition)

$.145 Hola

7.020
Tolerance Zone

A

\

S - Largest Outer
— Boundary Figure 9-12 Position at MM C—internal
(Resultant Condition) feature

Thevaluefor B intheloop diagramiis:
* Largest outer boundary = A£145 + A£020= A£165
e Smallest inner boundary = A£139 -A014= A£125
* Nominal diameter = (£165+ A125)/2= A£145
Equal bilateral tolerance = £020

For position at MMC, an easier way to convert thisis:
LMC % (total sizetolerance + tolerance in the feature control frame)
= /145 * (.006+.014) = .145%.020
The equation for the Gap in Fig. 9-12is. Gap=A-B/2
where
A =.312+0 andB=.145%.020
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Converting an External Feature at MMC to a Nominal Value with an Equal Bilateral
Tolerance

Fig. 9-13 shows apin positioned at MMC.

.2250]

— (.0625+.0001)
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Figure 9-13 Position at MMC—
+B external feature

Thevaluefor B intheloop diagramis:
* Largest outer boundary = A£0626 + A0022 = A.0648
* Smallest inner boundary = A20624 — A.0024 = /£.0600
¢ Nomina diameter = (420648 + A20600)/2 = A£0624
Equal bilateral tolerance = A20024

Asshown earlier, the easier conversion for position at MMC, is:
LMC *(total sizetolerance + tolerance in the feature control frame)
= /E0624 £(.0002+.0022) = .0624+/-.0024
The equation for the Gap in Fig. 9-13 is: Gap=-A/2+B
where
A=.0624 *£.0024
B=.2250 0

Converting an Internal Feature at LMC to a Nominal Value with an Equal Bilateral
Tolerance

Fig. 9-14 shows a hole that is positioned at LMC.

Thevaluefor B intheloop diagramis:
* Largest outer boundary = A£52+/A03=A55
e Smallestinner boundary = A£48-/07 = A£41
*  Nomind diameter = (A55+/A41)/2= A48
Equal bilateral tolerance = A£07
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L Figure 9-14 Position at LMC—
GGP internal feature

For position at LMC, an easier way to convert thisis:
MMC %(total sizetolerance + tolerancein the feature control frame)
= /E48 + (04+.03) =.48+.07

The equation for the Gap in Fig. 9-14is: Gap=A —B/2

where
A=.70 +0
B=.48 +.07

Converting an External Feature at LMC to a Nominal Value with an Equal Bilateral
Tolerance

Fig. 9-15 showsa*“boss” that is positioned at LM C.
@1.00+.03
KB.04DJAB

&

L Gap Figure 9-15 Position at LMC—external
feature

Thevaluefor B intheloop diagramiis:
* Largest outer boundary = A1.03 + A£10=/A1.13
¢  Smallest inner boundary = A£97 —A£04= /93
*  Nominal diameter = (A£1.13 + £93)/2= A1.03
Equal bilateral tolerance= A£10

|7+A 8/
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Asshown earlier, the easier conversion for positionat LMC is:
MMC *(total sizetolerance + tolerancein the feature control frame)
= /E1.03+(.06+.04) =1.03+-.10

The equation for the Gap in Fig. 9-15is. Gap=A-B/2

where
A=70 =0
B=103 .10

9.3.3.5 Composite Position

Fig. 9-16 shows an example of composite positional tolerancing.
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Figure 9-16 Composite position and composite profile

Composite positional tolerancing introduces a unique element to the variation analysis; an under-
standing of which tolerance to use. If a requirement only includes the pattern of features and nothing
€lse on the part, we use the tolerance in the lower segment of the feature control frame. Since Gap 1 in
Fig. 9-16 is controlled by two features within the pattern, we use the tolerance of /014 to calculate the
variation for Gap 1.

Gap 2, however, includes variations of the features back to the datum reference frame. In this situa-
tion, we use the tolerance in the upper segment of the feature control frame (4£050) to calculate the
variation for Gap 2.
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9.3.4 Runout

Analyzing runout controls in tolerance stacks is similar to analyzing position at RFS. Since runout is
always RFS, we can treat the size and location of the feature independently. We analyze total runout the
same as circular runout, because the worst-case boundary is the same for both controls.

Fig. 9-17 showsaholethat is positioned using runout.

#.125+.008 ¢h062+.005

—C/2

Figure 9-17 Circular and total runout

We model the runout tolerance with anominal dimension equal to zero, and an equal bilateral toler-
ance equal to half the runout tolerance.
The equation for the Gap in Fig. 9-17is: Gap=+A/2+B-C/2

where
A=.125 =008
B=0 +.003
C=.062 .005

9.3.5 Concentricity/Symmetry

Analyzing concentricity and symmetry controlsin tolerance stacksissimilar to analyzing position at RFS
and runout.

Fig. 9-18 is similar to Fig. 9-17, except that a concentricity tolerance is used to control the A£062
featureto datumA.

©.062%.005

Q¢.006|A|

2.125+.008

Figure 9-18 Concentricity
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The loop diagram for this gap is the same as for runout. The equation for the Gap in Fig. 9-18is:
Gap=+A/2+B-CJ2

where
A=.125 =008
B=0 +.003
C=.062 =+.005

Symmetry isanal ogousto concentricity, except that it isapplied to planar features. A loop diagram for
symmetry would be similar to concentricity.
9.3.6 Profile

Profile tolerances have a basic dimension locating the true profile. The tolerance is depicted either equal
bilaterally, unilaterally, or unegqual bilaterally. For equal bilateral tolerance zones, the profile component is
entered as a nominal value. The component is equal to the basic dimension, with an equal bilateral
tolerance that is half the tolerance in the feature control frame.

9.3.6.1 Profile Tolerancing with an Equal Bilateral Tolerance Zone

Fig. 9-19 shows an application of profile tolerancing with an equal bilateral tolerance zone.
X p[.006]A[B|
1.275 ey — Gap

/ rY
/ |

[1.758]

The equation for the Gap in Fig. 9-19is; Gap =-A+B
where

A=1255 +.003

B=1755 +£.003

Figure 9-19 Equal bilateral tolerance profile
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9.3.6.2 Profile Tolerancing with a Unilateral Tolerance Zone

Fig. 9-20 showsafiguresimilar to Fig. 9-19 except the equal bilateral tolerance was changed to aunilateral
tolerance zone.
The equation for the Gap isthe same asFig. 9-19: Gagp=—A +B

X 1.275] /_m ~ Gap

=t

|

Figure 9-20 Unilateral tolerance profile

In this example, however, we need to change the basic dimensions and unilateral tolerancesto mean
dimensions and equal bilateral tolerances.
Therefore,

A=1258 +.003
B=1758 =£.003

9.3.6.3 Profile Tolerancing with an Unequal Bilateral Tolerance Zone

Fig. 9-21 showsafiguresimilar to Fig. 9-19 except the equal bilateral tolerance was changed to an unequal
bilateral tolerance zone.
The equation for the Gap isthe same asFig. 9-19: Gap=—A +B

x

— Gap

|

T

[255) (1505 —A

|

Figure 9-21 Unegual bilateral tolerance
profile
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Aswedid in Fig. 9-20, we need to change the basic dimensions and unequal bilateral tolerancesto
mean dimensions and equal bilateral tolerances.
Therefore,

A=1254 +.003

B=1754 =+.003

9.3.6.4 Composite Profile

Composite profile is similar to composite position. If a requirement only includes features within the
profile, we use thetolerancein the lower segment of the feature control frame. If the requirement includes
variations of the profile back to the datum reference frame, we use the tolerance in the upper segment of
the feature control frame.

Fig. 9-16 shows an exampl e of composite profiletolerancing. Gap 3iscontrolled by featureswithinthe
profile, so wewould use thetolerancein the lower segment of the profile feature control frame (4£.008) to
calculate the variation for Gap 3.

Gap 4, however, includes variations of the profiled features back to the datum referenceframe. Inthis
situation, we would use the tolerance in the upper segment of the profile feature control frame (4040) to
calculate the variation for Gap 4.

9.3.7 Size Datums

Fig. 9-22 shows an exampl e of apattern of features controlled to asecondary datum that is afeature of size.
+.005
4X B.140 753

[]@.0140D]ABW]

?.5004.00
_| @3.005MI|A

Gap I ’<~
-A/2

+B/2
-C/2 —>|f_ Figure 9-22 Sizedatum

In this example, ASME Y 14.5 states that the datum feature applies at its virtual condition, even
though it isreferenced initsfeature control frame at MM C. (Note, this argument also appliesfor second-
ary and tertiary datumsinvoked at LMC.) Inthetolerance stack, this means that we will get an additional
“shifting” of the datum that we need to include in the loop diagram.

The way we handle this in the loop diagram is the same way we handled features controlled with
position at MM C or LMC. We calculate the virtual and resultant conditions, and convert these bound-
ariesinto anominal value with an equal bilateral tolerance.
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Thevaluefor A intheloop diagramis:
* Largest outer boundary = A£503 + A£011 = /514
*  Smallest inner boundary = A£497 — 005 = 492
*  Nomina diameter = (££514 + £492)/2 = A£503
* Equal bilateral tolerance = A£011

An easier way to convert to thisradial valueis:
LMC %(total sizetolerance + tolerancein the feature control frame)
= /E503 +(.006+.005) = .503+.011
Thevaluefor Cintheloop diagramis:
* Largest outer boundary = A145 + A£020= A£165
*  Smallest inner boundary = A139 - A£014 = A£125
*  Nomina diameter = (£165 + A£125)/2= A£145
* Equa bilateral tolerance = A£020

An easier way to convert to thisradial valueis:
LMC %(total sizetolerance + tolerancein the feature control frame)
= /E145 +(.006+.014) = .145+.020

The equation for the Gap in Fig. 9-22is. Gap=—-A/2+B/2-C/2

where
A=.503
B =.750
C=.145

+.011
0
+.020

9.4 Abbreviations

Variable

a,

Definition

sensitivity factor that defines the direction and magnitude for theith dimension. Ina
one-dimensional stackup, thisvalueisusually +1 or -1. Sometimes, in a one-dimensional
stackup, thisvalue may be +.5 or -.5if aradiusisthe contributing factor for a diameter
callout on adrawing.

sensitivity factor for the jth, fixed component in the stackup
sensitivity factor for the kth, variable component in the stackup
correction factor used in the MRSS equation

correction factor used in the MRSS equation, using resized tolerances

partial derivative of functiony with respect to x;

the mean value at the gap. If d, is positive, the mean “gap” has clearance, and if d, is
negative, the mean “gap” hasinterference

the mean value of the ith dimension in the loop diagram
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“_0'538

n

tkv,wc,raﬂ'zed
tkv,rss,resized

tkv,rws:;,resizev:i

mrss,resized

~ ~ o~ o~ o~

dimension associated with it random variable x;

resize factor that is multiplied by the original tolerances to achieve a desired assembly
performance using the Worst Case Model

resize factor that is multiplied by the original tolerances to achieve a desired assembly
performance using the MRSS Model

resize factor that is multiplied by the original tolerances to achieve a desired assembly
performance using the RSS Model

minimum value at the (assembly) gap. Thisvalueis zero if no interference or clearanceis
allowed.

mean of random variabley

number of independent variables (dimensions) in the equation (stackup)
number of independent, fixed dimensionsin the stackup

number of independent, variable dimensionsin the stackup

the total number of measurementsin the population of interest

standard deviation of functiony

equal bilateral tolerance of the ith component in the stackup

tolerance associated with ith random variable x;

equal bilateral tolerance of the jth, fixed component in the stackup

equal bilateral tolerance of the kth, variable component in the stackup

equal bilateral tolerance of the kth, variable component in the stackup after resizing, using
the Worst Case Model

equal bilateral tolerance of thekth, variable component in the stackup after resizing, using
the RSS Model

egual bilateral tolerance of the kth, variable component in the stackup after resizing,
using the MRSS Model

expected assembly gap variation (equal bilateral) using the MRSS Model

the expected variation (equal bilateral) using the MRSS Model and resized tolerances
the expected variation (equal bilateral) using the RSS Model

the expected variation (equal bilateral) using the RSS Model and resized tolerances
maximum expected variation (equal bilateral) using the Worst Case Model

maximum expected variation (equal bilateral) using the Worst Case Model and resized
tolerances

upper specification limit of theith dimension

ith independent variable

function consisting of n independent variables (X,,...,X,)
standard normal transform of ith dimension

standard normal transform of y
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9.5 Terminology

MMC = Maximum Material Condition: The condition in which afeature of size contains the maximum
amount of material within the stated limits of size.

LMC= Least Material Condition: The conditioninwhich afeature of size containstheleast amount of
material within the stated limits of size.

VC = Virtua Condition: A constant boundary generated by the collective effects of a size feature's
specified MMC or LMC material condition and the geometric tolerancefor that material condition.

RC=  Resultant Condition: The variable boundary generated by the collectiveeffectsof asizefeature's
specified MM C or LMC material condition, the geometric tolerance for that material condition,
the size tolerance, and the additional geometric tolerance derived from the feature' s departure
from its specified material condition.
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10.1 Introduction

Statistics do afine job of enumerating what has already occurred. Industry’s most urgent needs are to
estimate what will happen in the future. Will the product be profitable? How often will defects occur?
Thejob of statisticsisto help estimate the future based on the past.

When designing any part or system, it is necessary to estimate and account for the variation that is
likely to occur in the parts, materials, and product features. Statistics can hel p estimate or model the most
likely outcome, and how much variation there is likely to be in that outcome. From these models, esti-
mates of manufacturability and product performance can be made long before production. Knowledge
of the probabilities of defects prior to production is important to the financial success of the product.
Changes to the design or manufacturing processes that are completed prior to production are far less
costly than changes made during production or changes made after the product isfielded. Statistics can
help estimate these probahilities.

10-1
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10.2 Shape, Locations, and Spread

Historical data or data from a designed experiment when displayed in a histogram will:

* Haveashape

* Have alocation relative to some important values such as the average or a specification limit
* Haveaspread of values across arange.

For example, Fig. 10-1 contains full indicator movement (FIM) runout values of 1,000 steel shafts,
measured in thousandths of an inch (mils). Ideally, these 1,000 shafts would all be the same, but the
histogram begins to reveal some information about these shafts and the processes that made them. The
thousand data points are displayed in ahistogramin Fig. 10-1. A histogram displays the frequency (how
often) arange of valuesis present. The histogram has a shape, its location is concentrated between the
values 0.000 and 0.005, and is spread out between the values 0 and 0.030. The range that occurs most
often is 0.000 to 0.002, but there are many shafts that are larger than this. Statistics can help quantify the
histogram. With knowledge of the type of distribution (shape), the mean of the sample (location), and
the standard deviation of the sample (spread), one can estimate the chance that a shaft will exceed a
certain value like a specification. We will come back to this example later.

400 —

300

200

Frequency

100 —

T T T T Figure 10-1 Histogram of runout (FIM)
0 10 20 30 data

X(FIM).001

10.3 Some Important Distributions

Datathat is measured on a continuous scale like inches, ohms, pounds, volts, etc. is referred to as vari-
ables data. Data that is classified by pass or fail, heads or tails, is called attributes data. Variables data
may be more expensive to gather than attributes data, but is much more powerful in its ability to make
estimates about the future.

10.3.1 The Normal Distribution

The normal distribution is a mathematical model. All mathematical models arewrong, in that thereis
always some error. Some models are useful. Thisis one of them.

Karl Frederick Gauss described this distribution in the eighteenth century. Gauss found that repeated
measurements of the same astronomical quantity produced a pattern like the curve in Fig. 10-2. This
pattern has since been found to occur amost everywhere in life. Heights, weights, 1Qs, shoe sizes,
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various standardized test scores, economic indicators, and a host of measurementsin service and manu-
facturing are all examples of where the normal distribution applies. (Reference 4) A normal distribution:
* Hasone central value (the average).

* |Issymmetrical about the average.

* Tails off asymptotically in each direction.

-65-55-4s5 -3s -2s -1s 0 1s 2s 3s 4s 5s 6s
Figure 10-2 Thenormal distribution
2
The normal distribution is defined by: f(x) -1 o @Wlx-mys]

S'\/E

Themean(mis. m= -zt

The standard deviation (s) is: S

where
N isthe size of the population
x; isvalue of theith component in the population

It is important to note that the definitions for the mean (1) and the standard deviation (s) are not
dependent on the distribution f(x). We will see other functionslater, but the definitions for the mean and
the standard deviation are the same.

Data that appear to be normally distributed occur often in science and engineering. In my many
years of practice and study, | have never seen aperfectly normal distribution. Toillustrate, the following
histograms (Figs. 10-3 to 10-6) were generated by picking random numbers from a true normal distribu-
tion with amean of 10 and a standard deviation of 1.

Five samples from a true normal distribution yield a histogram with very little information
(Fig. 10-3). The curve isanormal distribution with an average and a standard deviation calculated from
the five samples. It is used to compare the data with a normal curve produced from that data.
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Figure 10-3 Histogram of normal, n=>5,
Normal, n=5 withnormal curve

When 50 samples are taken from anormal distribution we see the following histogram and a normal
curve generated from the 50 samples (Fig. 10-4). Here we begin to see a central tendency between 10.0
and 10.5 and a gradual decline in frequency as we move away from the center.
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Figure 10-4 Histogram of normal, n=50,

Normal, n=50 withnormal curve

The histogram for 500 samples (Fig. 10-5) was taken from a truly normal distribution. Even with
500 samples the histogram does not quite fit the normal model. In this example, the mode (highest peak)
is around 9.75.

The histogram for 5000 samples (Fig. 10-6) taken from a normal distribution is still not a perfect fit.
Be aware of thisbehavior when you examine dataand distributions. There are statistical testsfor judging
whether or not a distribution could be from a normal distribution. In these examples, al of the histo-
grams passed the Anderson-Darling test for normality. (Reference 1)

How do | calculate the percent of the population that will be beyond a certain value?
The mathematical answer is to integrate the function f(x). The practical answer isto use a Z table

found in statistics books (see Appendix at the end of this chapter), or a statistical software package like
Minitab 12. (Reference 6) Statisticians long ago prepared a table called a Z table to make this easier.
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Figure 10-5 Histogram of normal, n=500, with normal curve
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Figure 10-6 Histogram of normal, n=5000, with normal curve

There are different types of Z tables. The Appendix shows aZ tablefor theunilateral tail areaunder anormal
curve beyond agivenZvalue. To usethetable, we need aZ vaue. Zisa statistic that is defined as:
Z= (x-m/s, where:
x is avalue we are interested in, a specification limit, for example
mis the mean (average)
s isthe standard deviation
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Continuing with Fig. 10-7 as an example, suppose we are interested in knowing the probability of x
being greater than 2.5s. (Remember that s is a value that has a unit of measure like inches.) Using the
Z table in the Appendix for Z = 2.5, we find the value 0.00621, which is the probability that x will be
greater than 2.5s.

Z Statistic

X- m m X

-6s -5 -4s -3s -2s -1s O s 2s 3 4s 5s 6s
Figure 10-7 Z Statistic

What if the histogram does not |ook like a normal distribution?

There are many continuous distributions that occur in science and engineering that are not normal.
Some of the most common continuous distributions are:
1. Beta

Cauchy
Exponential
Gamma
Laplace
Logistic
Lognormal
Weibull

© N Ok WD

We will look at the lognormal briefly here for illustration, although | think it is best to refer to texts
on statistics and reliability for more detail. (References 3 and 4)

10.3.2 Lognormal Distribution

Recall the above example of the FIM of the shafts. (Fig. 10-1) Certainly thisis not normally distributed.
Fig. 10-8 isatest for normality. The plot points do not follow the expected line for a normal distribution
and the p value is 0.000. The chance that this data came from a normal distribution is almost zero.

This has the shape of a lognormal distribution, which occurs often in mechanical and electrical
measurements. The measurements tend to stack up near zero because that is the natural limit. For ex-
ample, shafts cannot be better than zero FIM and electrical resistance cannot be less than zero.
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Figure 10-8 Normality test FIM

There are two ways to handle the lognormal distribution. Oneisto transform the value of the x’ s by
using the relationship:

y=In(x),
And plot a new histogram (Fig. 10-9).
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measurements
y=In(x)

This new histogram looks like a good approximation to a normal curve. It passes the Anderson-
Darling test for normality (Fig. 10-10), and we can now apply the usual statistics to this transformed set
of data.

The second way to work with lognormal distributions is to perform the calculations directly on the
lognormal data using astatistical software package like Minitab 12. This software can calculate and plot
all the relevant statistics from most distributions.

In either case, we can determine the probability of exceeding a value like a specification limit.

The probabilities are additive for each dimension or feature of apart or system. This additive prop-
erty allows a design team to estimate the probability of a defect at any level in the system.
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10.3.3 Poisson Distribution

Discrete datathat is classified by passor fail, heads or tails, is called attributes data. Attributes data can
be distributed according to:

¢ A uniform distribution of probability

* The hypergeometric distribution

* The binomial distribution or

* ThePoisson distribution
Figure 10-11 shows an example of attributes data.

—

_/

No Defect Defect
# defects found 1
DPU = — = =.005
# units inspected 200

Figure 10-11 Attributesdata

The Poisson can be applied to many randomly occurring phenomena over time or space. Consider
the following scenarios:
* The number of disk drive failures per month for a particular type of disk drive
* The number of dental cavities per 12-year-old child
* The number of particles per square centimeter on a silicon wafer
* The number of calls arriving at an emergency dispatch station per hour
* The number of defects occurring in aday’s production of radar units
* The number of chocolate chips per cookie
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The Poisson can model each of these scenarios. The Poisson random variable is characterized by
the form “the number of occurrences per unit interval,” where an occurrence could be a defect, a
mechanical or electrical failure, an arrival, a departure, or a chocolate chip. The unit could be a unit of
time, or a unit of space, or a physical unit like a radar or a cookie, or a person.

The probability distribution function for the Poisson is: P(X =x) = (l Xe" )/ ¥

where
P isthe probahility that a single unit has x occurrences
| isapositive constant representing “the average number of occurrences per unit interval”
X is anonnegative integer and is the specified number of occurrences per unit interval
e is the number whose natural logarithm is 1, and is equal to approximately 2.71828.

For example, suppose we had the following information about a product:
* 1,000 units were inspected and 519 defects were observed.

We want to:
¢ calculate the number of defects per unit (DPU), and

* estimate the number of units that have exactly three defects (X=3).
The overal rate (1) that defects occur is. 519/1000 = 0.519 defects per unit (DPU). For X = 3
defects (exactly 3 defects on a unit), the probability is:

P(X =3)=[('*)(e"' )] /3
| =519/ 1000=0.519
P(X =3)=0.01387

The probability that a unit has exactly 3 defectsis 0.01387. So, for 1,000 units we would expect 14
units to have exactly 3 defects each. Table 10-1 enumerates the distribution of the 519 defects.

Table 10-1 Distribution of defects

X (number of defects) P(X) | Number of Units| Defects

0 0.5951 595 0
1 0.3088 309 309
2 0.0802 80 160
3 0.0139 14 42
4 0.0018 2

5 0.0002 0

6 0.0000 0 0
7 0.0000 0 0
Total 1.0000 1,000 519
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The distribution appears graphicaly in Fig. 10-12.
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° 1 By

X=X Figure 10-12 Plot of Poisson probabilities

How do | estimate yield from DPU?

To produce a unit of product with zero defects, we need to know the probability of zero defects.
Recalling the Poisson equation above,

P(X =x)=(1"e" )/ x
Substituting DPU for |, and solving for x = 0, we have P(O)=¢ D

Toyield good product, there must be no defects. Therefore, thefirst timeyieldis: FTY = ePPV, First
timeyield is afunction of how many defects there are. Zero DPU means that FTY=100%. This agrees
with our intuition that if there are no defects, the yield must be 100%.

PU

How do | estimate parts per million (PPM) fromyield?

PPM is a measure of the estimated number of defects that are expected from a process if a million
units were made. Parts per million defective is. PPM = (1-FTY)(1,000,000).

10.4  Measures of Quality and Capability
10.4.1 Process Capability Index

Historically, process capability has been defined by industry as + or - 3 (Fig. 10-13). For any one
feature or process output, plus or minus 3 sigma gives good results 99.73% of the time with a normal
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-6s -5s -4s -3s

-2s -1s 0 1s 2s 3|s 4s 5s 6s

®

By Definition |ﬂ
+3s Figure 10-13 Processcapability

distribution. This is certainly adequate, especially when dealing with afew features. From this concept
came the Process Capability Index (Cp), defined in Fig. 10-14.

_ Spec Width _ USL-LSL

B Mfg Capability B +3s

“ Concurrent Engineering Index”
Design / Manufacturing

Figure 10-14 Capability index

The automotive industry, with leadership from Ford Motor Company, set the design standard of
Cp=1.33 in the early 1980s, which corresponds to a process capability of +4 sigma (Fig. 10-15). This
standard has been upgraded since that time, but it isimportant to note that the product designers had a
standard to meet, and that implied knowing the capability of the process.

LSL

USL

—I3S -2s -1s 0 1s 2s 3|s 4|s 5s 6s
®| Process Capability ‘-I
® Spec Limits -

Figure 10-15 Capability index at + 4 sigma
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The Cp index can be thought of as the concurrent engineering index. The design engineers have
responsibility for the specifications (the numerator), and the process engineers have responsibility for
the capability (the denominator). Today’s integrated product teams should know the Cp index for each
critical-to-quality characteristic.

10.4.2 Process Capability Index Relative to Process Centering (Cpk)

The Cp index has a shortcoming. It does not account for shifts and drifts that occur during the long-term
course of manufacturing. Another index is needed to account for shiftsin the centering. See Fig. 10-16.

With Six Sigma, the process mean can shift 1.5 standard deviations (see Chapter 1) even when the
processis monitored using modern statistical process control (SPC). Certainly, oncethe shift isdetected,
corrective action istaken, but the ability to detect a shift in the process on the next sampleissmall. (It can
be shown that for the common x-bar and range chart method with sample size of 5, the probability of
detecting a 1.5 sigma shift on the next sample is about 0.50.)

Shifted Mean
1.5s

—

i i i i f i i i f f | T
-6s -bs -4s -3s -2s -1s 0 1s 25 3s 4s b5s 6s

® ‘ Typical Spec Width

Figure 10-16 Thereality

Another index is heeded to indicate process centering. Cpk isthe process capability index adjusted
for centering. It is defined as:

Cpk = Cp(1-k)
where k isthe ratio of the amount the center has moved off target divided by the amount from the
center to the nearest specification limit. See Fig. 10-17.

If the design target is £6 sigma, then Cp = 2, and Cpk = 1.5. If every critical-to-quality (CTQ)
characteristicisat £6 sigma, then the probability of all the CTQsbeing good simultaneously isvery high.
There would be only 3.4 defects for every 1 million CTQs. See Figs. 10-17 and 10-18.
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Shifted Mean

Cp=2 ]

k=2,

a=1.5s

b=6s -
Cpk = Cp(1- k)

=2(1-.25)=1.5

f 3.4 ppm

1) | | 1 | 1 T | | | | |

|—6$ -6s -4s -3s -25 -1s 0 1s 2s 3s 4s b5s 6s

®\ Spec Limits L |-|
® Process Capability Figure 10-17 Cpand Cpk at Six Sigma
Distribution Shifted 1.5
CTQs +3s +4s +5s *+ 6s
1 93.32% 99.379% 99.9767% 99.99966%
10 50.08 93.96 99.768 99.9966
30 12.57 82.95 99.30 99.99
50 - 73.24 98.84 99.98
100 - 53.64 97.70 99.966
150 - 39.28 96.57 99.948
200 - 28.77 95.45 99.931
300 - 15.43 93.26 99.897
400 - 8.28 91.11 99.862
500 - 4.44 89.02 99.828
800 - 00.69 83.02 99.724
1200 - 00.06 75.63 99.587

Figure 10-18 Yieldsthrough multiple CTQs
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10.5 Summary

“We should design products in light of that variation which we know is inevitable rather than in the
darkness of chance.” —Mikel J. Harry

Estimating the variation that will occur in the parts, materials, processes, and product featuresisthe
responsibility of the design team. Estimates of product performance and manufacturability can be made
long before production. Statistics can help estimate the most likely outcome, and how much variation
thereislikely to bein that outcome. Changes made early in the design process are easier and less costly
than changes made after production has started. Six Sigma design is the application of statistical tech-
niquesto analyze and optimize the inherent system design margins. The objectiveisadesign that can be
built error free.
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