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SPECIAL NOTE TO THE STUDENT

This section contains very important information about how to increase your success in
learning GD&T.

Dear Student,

Welcome to the world of geometric dimensioning and tolerancing. This textbook is
designed to introduce you to the fundamentals of GD&T; however, only you can ensure a
successful understanding of the topic through proper goal-setting and initiative. Ican
lead you into the world of GD&T, but you must make a conscious effort to do the work
required to successfully master the subject.

Because of my firm belief that success can be achieved through proper goal-setting and
discipline, I have provided you with a list of goals and objectives at the beginning of each
chapter. Acquire an understanding of these goals, step by step, and you will soon have
mastered the world of GD&T. However, you must also set some goals: you must set
aside a specific time each day to read, study, and practice the problems at the end of each
chapter. The results of your hard work and discipline will be apparent when you
successfully grasp each concept and topic. Best of all, you will soon realize the larger
goal—an understanding of GD&T as a whole.

The Levels of Learning ’

Psychological studies on learning have discovered that there are several levels involved in
the learning process. Many students try to learn by simply memorizing facts, without a
thorough understanding of the topic at hand; however, these studies indicate that
memorization alone will not properly prepare the student for tests or the application of
any topic. The following list illustrates the levels of understanding:

1. Knowledge involves remembering (memorizing) factual material.

2. Comprehension involves interpreting information, changing it from one form
to another, and/or making predictions.

3. Application involves using facts and fundamental principles when solving
problems.

4. Analysis involves identifying and sorting out relevant and irrelevant facts to
make comparisons.

5. Synthesis involves combining information and developing a plan or using
original ideas.

6. Evaluation involves judging the value of observations and calculated results in
order to reach a meaningful conclusion.

As you can see, memorization alone does not help with problem-solving or the
application of concepts. It must be combined with other methods of learning before a real
understanding of concepts can be accomplished.




The “Ten Principles to Productive Study”

Educators utilize many different study methods to assist students in the learning process.
In order to assist you in this course, I have adapted ten commonly known principles of
productive study. These “Ten Principles” can assist you in successful goal-setting and
can lead the way to a proper understanding of GD&T. Before beginning your GD&T

course, take time to read these concepts and make an effort to apply them to your study
plan.

1. Learning occurs in small steps. Begin here and now—not tomorrow—to study
and to solve problems.

2. Study daily. Don’t expect to learn a lot the night before a test.

3. First scan the performance objectives, then carefully read the material and ask
yourself relevant questions. Write down questions you cannot answer.

4. Read the material again, take notes, and ist key points. Learning is aided by
repetition.

5. Think about interconnections with what you know, including on-the-job
applications.

6. Visualize GD&T applications, formulas, and key points until you can “see”
them with your eyes shut.

7. Write down key points. You really don’t know it if you can’t write it.

8. Think about each key point. Say it! Write it! Review it! Relate key points to
each other and compare their similarities and differences.

9. Study sample problems in the text. Consider the strategies used to solve these
problems and how you would recognize and approach similar problems
presented in the text or on a test or on a job.

10. Solve problems included in the exercise workbook. Work problems daily. Become
familiar with different types of problems.

Your Commitment to Success

Although these principles can work for you, you alone can decide to commit the time and
effort it will take to apply them. You must first commit yourself to attending the lectures.
You must prepare for lectures by reading the list of performance objectives beforehand.
You should also read the text before lectures, note key points and ask questions during
the lecture, and review your notes and the text afterwards. You must do the assigned
problems and study daily.

Remember, major geometric tolerancing topics are interrelated and build on one another,
so after studying a chapter, review the performance objectives from the beginning of the
chapter to be sure you know the major points and the terminology involved. Can you
explain these terms and concepts to someone else? Try it! A person who understands a
topic can use the vocabulary needed to discuss that topic.

Xii

Exams

Taking tests can be stressful for students; however, the more prepared you can help your
students to be, the less stress they will feel. Have students work the problems and answer
the questions at the end of each chapter. They should not waste time trying to guess what
topics will or will not be included on exams. The exams are based on the Rerf‘ormz,l,nce
objectives; if the students study them, they should do well. A§ the “Te_n Principles
suggest, daily study, reading and rereading the topics, and trying practice prol?lems assure
successful study—and less stressful test-taking! Just as a marathon runner Umps daily for
an event, students should study daily for their “events.” With enough preparation, a short
review before the exam should be enough to guarantee successful results.

I hope that you can work together with your students to encourage them enough to begin
the hard work needed to successfully accomplish the task at hand—if so, everyone
involved will be well rewarded. Geometric dimensioning and tolerancing is a complex
and exciting subject; understanding its principles can be rewarding arlld prof."ltable.. In
writing this text, I have done everything possible to assist students with their studies—the
rest of the work is up to you!

Sincerely yours,

Alex Krulikowski

Effective Training Inc.
P.O. Box 756

Wayne, Michigan 48184
(734) 728-0909
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NOTE TO THE INSTRUCTOR

This second edition of Fundamentals of Geometric Dimensioning and Tolerancing preserves the
best qualities of the first edition while adding new material that reflects the dynamic changes in
the field of geometric tolerancing. We have adhered to two ideas from the first edition: first, the
use of the Y14.5 dimensioning standard as a basis for the text; and second, the building block
approach to learning geometric tolerancing.

New to This Edition

The second edition of Fundamentals of Geometric Dimensioning and Tolerancing continues to
be the most practical and up-to-date text on the market. We discuss each dimensioning topic in a
manner that is understandable and useful to the reader. New to the second edition are:

e A list of abbreviations and acronyms on the inside front cover
e A special note to the student explaining how to maximize learning from this course
e A new format that is easier to read and allows room for notes in the page margin

e Icons for study tips, author's comments, design tips, and "for more info" tips; the use of these
icons helps the reader study the material and understand how it can be used in industry

e A list of text conventions that explain drawing conventions used in the text
e The text is divided into twelve chapters to allow for shorter, more specific lessons

e The integration of goals and objectives to aid the learning process; this is a major step to help
the student understand what the important concepts are in each chapter, on what they will be
tested, and on what they should focus their efforts

e Isometric drawings added to many of the figures to aid in the visualization of the part

e Information on how to inspect each geometric tolerance

e Information on when each geometric control is used in a part design

e Technical content updated to include the latest information from ASME Y14.5M-1994

e Specific references to the Y14.5 standard are included to allow the student to find additional
information on a particular concept

e Problems that involve dimensioning drawings are included to allow the students to apply
geometric tolerances to drawings

e Numerous comparison charts to understand trade-offs between using various symbols in a
design application

e Appendices contain selected answers, a bibliography, comparison charts, ISO references

XV




Organization

Fundamentals of Geometric Dimensioning and Tolerancing is divided into twelve
chapters. Each chapter has several goals described at the beginning of the chapter. These
thirty goals are the major topics that must be mastered to be fluent in the fundamentals of
geometric tolerancing. The course design is based on this set of goals. Each chapter’s
goals are further defined and supported with a set of performance objectives.

The performance objectives describe specific, observable, measurable actions that the
student must accomplish to demonstrate mastery of each goal. There are over 240
performance objectives in this text. These performance objectives are the key to success
for both the student and the instructor. The text, problems, exercises, quizzes, and
teaching materials are all based on the performance objectives. Using the performance
objectives will make conducting the class easier for the instructor and will make
attending the class more meaningful for the students.

Suggestions for Course Planning

Fundamentals of Geometric Dimensioning and Tolerancing is intended for a one
semester college course in geometric tolerancing. The material can be divided in a variety
of ways. It is designed to be segmented by chapter goals. The text contains thirty goals;
the goals could easily be divided into two or three per class session.

Supplements
This book has.a complete package of supplements, including an Instructor Answer Guide
a Performance Based Instructor Kit, and a student Study Guide.

b

The Instructor Answer Guide is an answer guide for the problems at the end of each
chapter of the text. It is available from Delmar Publishers.

The Performance Based Instructor Kit is a complete set of teaching materials for this
course. It contains over 275 overhead transparency masters; detailed lesson plans; several
suggested course outlines; a complete set of quizzes and tests with answers; and answers
to all the text and study guide problems. The Performance Based Instructor Kit is only
available from Effective Training Inc.

The Fundamentals of GD&T Exercise Workbook is designed to reinforce the performance
objectives for each goal with a set of activities and problems that engage the student in
using the skills associated with those goals. The workbook contains over 200 additional
problems for the student to solve. The workbook can be used in the class as an activity to
reinforce concepts and create discussion of topics being taught. It is only available from
Effective Training Inc.
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The Ultimate Pocket Guide on Geometric Dimensioning and Tolerancing is a 77-P§ge
mini-book that is a great reference for GD&T. This pocket guide covers the deﬁmtans,
rules, and major concepts—and also explains each symbol. The Ultimate Pocket Guide
on GD&T is only available from Effective Training, Inc.

. nd e .
The Geometric Dimensioning and Tolerancing Self-Study Workbook, 2 Edr,.t:on, isa
start-to-finish self-training course in Geometric Dimensioning and Tolerancing that- has
become a classic in its field. The self-study workbook is only available from Effective

Training, Inc.

A Few Comments from the Author . -
I hope you enjoy teaching this course and using the materials I have designed. If you

would like to contact me with a comment or suggestion, I can be reached at Effect:.ive
Training Inc., PO Box 756., Wayne, M1 48184. I can also be reached at my E-mail
address: GDT MAN@AOL.COM

e

Over twenty proofreaders have reviewed this textbook prior to publication. We have
made numerous improvements and corrections as a result of their efforts. However, a
few errors may have slipped through in the final stages of the book production. I ‘
apologize for any inconvenience this may cause. If you find an error, please send it to
me. I will maintain an errata sheet and send it upon request.

As a parting thought, I want to share a quotation with all of you:

$ ]
“He who dares to teach must never cease to learn.

John Cotton Dana
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TEXT CONVENTIONS

Drawing Conventions

T.here are many epginf?ering drawings used in this book. In order to focus on the
_dlmensmnlgg topic being discussed, many of the drawings are partial drawings. In some
instances, figures show added detail for emphasis; in some instances, figures are

incomplete by intent. Numerical values for dimensions and tolerances are illustrative
only.

Notes shown in capital letters on drawings are intended to appear on actual industry
drawings.

Notes shown in lowercase letters are for explanatory purposes only and are not intended
to appear on industry drawings.

All drawings are in accordance with ASME Y14.5M-1994.
Unless otherwise specified, all angles + 5°.
All units are metric.

The name of the dimensioning and tolerancing standard is ASME Y14.5M-1994. It is
referred to in the text as Y14.5.

Gage Tolerances

The gages used in this text are described with basic dimensions; no tolerances are shown.
¥n the product design field, gages are considered to have no tolerances; however, in
industry, gages do have tolerances. The gage tolerances are usually quite small compared
to part tolerances. A rule of thumb is that gage tolerances are 10% of the part tolerances.
Gage tolerances are usually arranged so that a (marginally) good part may be rejected, but
a bad part will never be accepted. (From paragraph 2.5.4.1 MIL-HD8K-204A[AR] ,
Design of Inspection Equipment for Dimensional Characteristics.)

Technotes

Throughout the book you will find “Technotes.” These are important facts that should be
not?q e'md remembered for better understanding of the text. These notes contain technical
definitions and specific rules that are applied to information within the lessons.

Technotes are easy to locate in the chapters because they are highlighted by shadowed
boxes. Each note is clearly labeled with a technote number that corresponds to the
chapter where it is found and near the information where it will be of the most help.
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Study Tip

Author’'s Comment

<

For More Info. . .

B

Design Tip

ICON DEFINITIONS

Study Tip. When this symbol appears on a page, it is
accompanied by a tip. This tip provides advice on how to
maximize your learning while using the text.

Author’s Comment. In various places throughout this book, the
author provides comments. Author’s comments are strictly
advisory and are not part of the Y14.5M-1994 dimensioning
standard. When an author’s comment is made, a symbol like the
one shown here is shown adjacent to the text material to which
the comment applies. The comments usually fall into one of two
categories:

- They discuss a dimensioning situation that is not covered in
the Y14.5M-1994 dimensioning standard.

- They offer the reader opinions, insights, or tips about the
topic being discussed.

For More Info. . . When this symbol appears on a page, it is
accompanied by page references in this text which contain
information related to the topic. On a few occasions, this icon
may refer to other sources for additional information.

Design Tip. In various places throughout the book, the author
provides design tips. These tips are strictly advisory and are not
part of the Y14.5M-1994 dimensioning standard. The design
tips help designers to apply this tolerancing information in a
cost-effective manner.
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Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

An engineering drawing is a tool that is used to communicate the design
and manufacturing information for a part. Important elements of an engi-
neering drawing are the dimensions and tolerances. This chapter intro-
duces engineering drawings, dimensions, geometric tolerances, and coor-
dinate tolerances.

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:
1-1. Understand what an engineering drawing is.

1-2. Understand why geometric tolerancing is superior to coordinate
tolerancing.

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 1-1 (pp. 3-12)
- Explain what an engineering drawing is.
- Describe how precisely drawings should communicate.
- List at least four consequences of drawing errors.
- Describe what a dimension is.
- Describe what a tolerance is.
- Describe what a limit tolerance is.
- Describe what a plus-minus tolerance is.
- Explain three conventions in the specification of metric unit
dimensions on drawings.
- Explain how dimensional limits are interpreted.
Explain ASME Y 14.5M-1994.
Describe seven of the ten fundamental dimensioning rules.

Goal 1-2 (pp. 13-22)
- Explain what coordinate tolerancing is.
- Explain the three major shortcomings of coordinate tolerancing.
- Explain three appropriate uses for coordinate tolerancing.
- Explain what the geometric tolerancing dimensioning system is.
- List three major benefits of geometric tolerancing.
- Explain how geometric tolerancing eliminates the shortcomings of
coordinate tolerancing.

- Explain why the “great myth” about geometric tolerancing is untrue.

ENGINEERING DRAWINGS

What is an Engineering Drawing?

An engineering drawing is a document that communicates a precise de-
scription of a part. This description consists of pictures, words, numbers,
and symbols. Together, these elements communicate part information to all
drawing users. Engineering drawing information includes:

- Geometry (shape, size, and form of the part)

- Critical functional relationships

- Tolerances allowed for proper function

- Material, heat treat, surface coatings

- Part documentation information (part number, revision level)

For the last hundred years, most engineering drawings have been created by
manual methods. The designer used tools like drafting boards, T-squares,
compasses, triangles, etc. The drawing original was created on paper, linen,
mylar, or other materials that could be used for making reproductions. The
reproductions were generally referred to as “prints.”

Today, many engineering drawings are created electronically. The designer
uses a computer to create an electronic version of a drawing. Often, no
physical original drawing exists; the original is a computer file. Copies
(prints) are made through the use of a printer/plotter. Whether engineering
drawings are manual drawings or electronic computer files, their basic pur-
pose remains essentially the same: to record and communicate important
part information.
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FIGURE 1-1 Communications Model

The Need for Precise Communications

There are many kinds of communications; some are formal and some are
informal. Figure 1-1 shows a scale with different types of communica-
tions.

A casual conversation and song lyrics are examples of informal communi-
cations. They do not need to be very precise. However, other communica-
tions may be very formal and precise. The United States Constitution is an
example of a formal communication. The interpretation of the Constitution
has been challenged in courtrooms for over a hundred years. It is common
that communications that need to be precise are often the subject of con-
siderable debate. Engineering drawings are legal documents. Therefore,
they should be treated as formal, precise documents. An engineering
dlx;ellwing should fully define the part. Each specification should be measur-
able.

Engineering drawings are a communications tool. Engineering drawings
affect many parts of an organization. They have a major impact on costs.

Consequences of Poor Drawings

Engineering drawings not only need to communicate precisely, they also
need to be correct. A drawing error can be very costly to an organization.
The following analysis is an example based on a medium-sized manufac-
turing firm.

Figure 1-2 shows typical costs resulting from a drawing error. If a drawing
error is found within the design department, it can be corrected for a few
dollars. The cost is simply the time required to fix the error; let’s say $1-10
to correct the drawing error.
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COST OF A DRAWING ERROR
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FIGURE 1-2 How Costs of a Drawing Error can Increase as the Drawing Moves Through
the Organization

If the drawing error is missed in the design department and is discovered
in the model shop, it may cost several hundred dollars to fix the error. This
is because, now—in addition to the time to fix the drawing—additional
costs may be involved in loss of material, machine time, and machinist's

time.

Worse yet, let’s say a part described on a drawing that contains an error
gets into production. Now the costs escalate quickly. The cost to process
the paperwork for fixing the drawing error may be several thousand dol-
lars. In addition, gaging costs, tooling costs, and scrap costs can easily
bring the total to over a hundred thousand dollars.

If a drawing error gets into the final product and it’s shipped to the cus-
tomer, the costs that result from the error can be much higher. If a product
recall is involved, it can easily cost the organization over a million dollars.
If a product liability lawsuit is involved, the costs that result from the
drawing error can run into millions of dollars.

Drawing errors cost the organization in four ways:

1. Money

2. Time

3. Material

4. Unhappy customers
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Author's Comment
A tolerance is not
associated with
dimensions that are
identified as reference,
maximum or minimum.

INTRODUCTION TO DIMENSIONING

What are Dimensions and Tolerances?

A dimension is a numerical value expressed in appropriate units of meas-
ure and used to define the size, location, orientation, form, or other geo-
metric characteristics of a part.

A tolerance is the total amount that features of the part are permitted to
vary from the specified dimension. The tolerance is the difference between
the maximum and minimum limits.

Types of Tolerances
Two common methods used to specify tolerances are limit tolerances and
plus-minus tolerances.

A limit tolerance is when a dimension has its high and low limits stated. In
a limit tolerance, the high value is placed on top, and the low value is
placed on the bottom. Figure 1-3A shows an example of a limit tolerance.
The high limit for this dimension is 12.5. The low limit for this dimension
is 12.0. The tolerance for this dimension is the total amount of variation
permitted or 12.5 minus 12.0 = 0.5. When limit tolerances are expressed in
a single line, the low limit is stated first, then a dash, followed by the high
limit (for example, 12.0-12.5).

A plus-minus tolerance is the nominal or target value of the dimension is
given first, followed by a plus-minus expression of a tolerance. An exam-
ple of a plus-minus dimension is shown in Figure 1-3B. For this dimen-
sion, the nominal value is 12.25. The plus-minus tolerance is 0.25. The
total tolerance for this dimension is 0.5.

12.5
12.0 12.25 £ 0.25
¢ I
I
A B
Dimension with | Dimension with
Limit Tolerance I Plus-Minus Tolerance

FIGURE 1-3 Examples of Limit Tolerances and Plus-Minus Tolerances

f
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A tolerance for a plus-minus dimension can be expressed in several ways.
A bilateral tolerance is one that allows the dimension to vary in both the
plus and minus directions. An equal bilateral tolerance is where the
allowable variation from the nominal value is the same in both directions.
Figure 1-4A shows an example.

A unilateral tolerance is where the allowable variation from the target
value is all in one direction and zero in the other direction. Figure 1-4B
shows an example.

An unequal bilateral tolerance is where the allowable variation is from
the target value, and the variation is not the same in both directions.
Figure 1-4C shows an example.

O

Author's Comment
Most of industry
considers target value
the value around
which manufacturing
centers the process
distribution.

0

A
Equal Bilateral Tolerance

B
Unilateral Tolerance

C
Unequal Bilateral Tolerance

/—Nominal value ‘ T [Target value fTarget value
i ‘
|
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FIGURE 1-4 Examples of Equal, Unilateral, and Unequal Bilateral Tolerances
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Metric Dimension Specifications

The dimensions in this text are shown in metric units. The Metric Interna-
tional System of Units (S]) is used. The millimeter is the common unit of
measurement used on engineering drawings made to the metric system.

In industry, a general note would be shown on the drawing to invoke the
metric system. A typical general note is: “UNLESS OTHERWISE
SPECIFIED, ALL DIMENSIONS ARE IN MILLIMETERS.”

Three conventions are used when specifying dimensions in metric units.
Examples of these conventions are shown in Figure 1-5.

1. When a metric dimension is a whole number, the decimal point and
zero are omitted.

2. When a metric dimension is less than one millimeter, a zero precedes
the decimal point. For example, the dimension “0.2” has a zero to the
left of the decimal point.

3. When a metric dimension is not a whole number, a decimal point
with the portion of a millimeter (10ths or 100ths) is specified, as
shown in Figure 1-5.
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Dimension less than
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.0-25

\— Single line dimension

UNLESS OTHERWISE SPECIFIED,
ALL DIMENSIONS ARE IN MILLIMETERS

FIGURE 1-5 Metric Unit Specifications

Interpreting Dimensional Limits

All dimensional limits are absolute. In other words, a dimension is consid-
ered to be followed with zeros after the last specified digit (significant fig-
ure). See Figure 1-6 for examples. To determine part acceptance, the
measured value is compared directly to the specified print dimension, and
any deviation outside the specified dimension signifies an unacceptable
part.

P : 26.2
For this dimension 26.0
26.02 means 26.020....0
26 means 26.0....0

16.54 means 16.540....0

16.5 means 16.50....0

A part measuring

26.201 would be rejected
and

25.999 would be rejected

FIGURE 1-6 Interpreting Dimensional Limits

TECHNOTE 1-1 Dimensional Limits

_ All dimensional limits are absolute. A dimension is considered to be
followed by zeros after the last specified digit.
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DIMENSIONING STANDARDS

The information in this book is based on ASME Y14.5M-1994. ASME
Y14.5M-1994 is a dimensioning and tolerancing standard. ASME stands
for American Society of Mechanical Engineers. The Y14.5 is the standard
number. “M” is to indicate the standard is metric, and 1994 is the year the
standard was officially approved. The Y14.5M-1994 standard is
considered the national standard for dimensioning and tolerancing in the
United States.

There is another predominant standard used in parts of the world. The In-
ternational Standards Organization (ISO) is an organization that has
published an associated series of standards on dimensioning and
tolerancing. A list of the ISO dimensioning standards is shown in
Appendix C. The ISO dimensioning standards and the Y14.5M-1994
Dimensioning Standard are about 90% common. A comparison chart of
these standards is shown in Appendix D.

History of GD&T

As long as people have made things, they have used measurements, draw-
ing methods, and drawings. Drawings existed as far back as six thousand
B.C., when a unit of measure in the Nile and Chaldean civilizations was a
“royal cubit.” For thousands of years it fluctuated anywhere from 18 to 19
inches in length. Then, around four thousand B.C., the royal cubit was
standardized at 18.24 inches. This set a pattern that has held true for nearly
six thousand years. As long as there are measurements, drawing methods
and drawings, there will be controversies, committees, and standards.

Manufacturing as we know it began with the Industrial Revolution in the
1800s. There were, of course, drawings, but these drawings were very dif-
ferent from the ones we use today. A typical drawing from the 1800s was a
neatly inked, multi-viewed artistic masterpiece that portrayed the part with
almost pictorial precision. Occasionally, the designer would write in a di-
mension, but generally such things were considered unnecessary.

Why? They were unnecessary because the manufacturing process was dif-
ferent then. There were no assembly lines, no widely dispersed
departments or corporate units scattered across the nation or even world-
wide as there are today. In those days, manufacturing was a cottage
industry employing artisans who did it all, from parts fabrication to final
assembly. These craftsmen passed their hard-won skills down from
generation to generation. To them, there was no such thing as variation.
Nothing less than perfection was good enough.

Author's Comment
ASME Y14.5M-1994
is a revision of ANSI
Y14.5M-1982.
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Of course there was variation, but back then the measuring instruments
were not precise enough to identify it. When misfits and assembly prob-
lems occurred (which they routinely did), the craftsmen would simply cut-
and-try, file-and-fit until the assembly worked perfectly. The total process
was conducted under one roof, and communication among craftsmen was
immediate and constant: “Keep that on the high side.” “That edge has
plenty of clearance.” “That fit is OK now.”

You can see that manufacturing back then was a quality process, but also
slow, laborious and consequently quite an expensive one. The advent of
the assembly line and other improved technologies revolutionized manu-
facturing. The assembly line created specialists to take the place of arti-
sans, and these people did not have the time or skills for “file-and-fit.”

Improved methods of measurement also helped to do away with the myth
of “perfection.” Now, engineers understand that variation is unavoidable.
Moreover, in every dimension of every part in every assembly, some
variation is acceptable without impairing the function of the assembly, as
long as the limit of that variation—the “tolerance”—is identified, under-
stood and controlled. This variation led to the development of the plus-
minus (or coordinate) system of tolerancing, and to the determination that
the logical place to record these tolerances and other information was on
the engineering or design drawing.

With this development, drawings became more than just pretty pictures of
parts; they became the main means of communication among manufac-
turing departments that were increasingly less centralized, more special-
ized, and subject to stricter demands.

Engineering Drawing Standards

To improve the quality of drawings, an effort was made to standardize
them. In 1935, after years of discussion, the American Standards Associa-
tion (ASA) published the first recognized standard for drawings,
“American Drawing and Drafting Room Practices.” Of its eighteen short
pages, just five discussed dimensioning; tolerancing was covered in just
two paragraphs.

It was a beginning, but its deficiencies became obvious with the start of
World War II. In Britain, wartime production was seriously hampered by
high scrap rates due to parts that would not assemble properly. The British
determined that this was caused by weakness in the plus-minus system of
coordinate tolerancing, and more critically, by the absence of full and
complete information on engineering drawings.

10
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Driven by the demands of war, the British innovated and standardized.
Stanley Parker of the Royal Torpedo Factory in Alexandria, Scotland, cre-
ated a positional tolerancing system that called for cylindrical (rather than
square) tolerance zones. The British went on to publish a set of pioneering
drawings’ standards in 1944, and in 1948 they published “Dimensional
Analysis of Engineering Design.” This was the first comprehensive stan-
dard that used fundamental concepts of true position tolerancing.

GDA&T in the United States

In the United States, Chevrolet published the Draftsman’s Handbook in
1940, the first publication with any significant discussion of position toler-
ancing. In 1945, the U.S. Army published an ordinance manual on dimen-
sioning and tolerancing that introduced the use of symbols (rather than
notes) for specifying form and positioning tolerances.

Even so, the second edition of the American Standard Association’s
“American Standard Drawing and Drafting Room Practice,” published in
1946, made minimal mention of tolerancing. That same year, however, the
Society of Automotive Engineers (SAE) expanded coverage of dimension-
ing practices as applied in the aircraft industry in its “SAE Aeronautical

Drafting Manual.” An automotive version of this standard was published in
1952, 4

In 1949, the U.S. military followed the lead of the British by publishing the
first standard for dimensioning and tolerancing, known as MIL-STD-8. Its
successor, MIL-STD-8A, published in 1953, authorized seven basic draw-
ing symbols and introduced a methodology of functional dimensioning.

As a result, there were three different groups in the United States publish-
ing standards for drawings: the ASA, the SAE, and the military. This led to
years of turmoil about the inconsistencies among the standards and resulted
in slow, but measured progress in uniting those standards.

In 1957, the ASA (in coordination with the British and Canadians) ap-
proved the first American standard devoted to dimensioning and toleranc-
ing. The 1959 MIL-STD-8B brought the military standards closer to ASA
and SAE standards, and in 1966—after years of debate—the first united
standard was published by the American National Standards Institute
(ANSI), successor to the ASA. It was known as ANSI Y14.5. This first
standard was updated in 1973 to replace notes with symbols in all toler-
ancing, and an updated standard was also published in 1982. The current
Y14.5 standard was published in 1994.

11
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Design Tip
Dimensioning Rule
#10 is new in Y14.5.
When using Y14.5,
assembly drawings
must show dimensions
from the detail
drawings if they are
required to be
maintained in the
assembly.

For more info. . .
See Paragraph 1.4
of Y14.5.

FUNDAMENTAL DIMENSIONING RULES

The Fundamental Dimensioning Rules are a set of general rules for di-
mensioning and interpreting drawings. ASME Y14.5M-1994 has defined a
set of fundamental rules for this purpose. The ten rules that apply to this
text are paraphrased in the list below:

+1. Each dimension shall have a tolerance, except those dimensions
specifically identified as reference, maximum, minimum, or stock
(commercial stock) size.

2. Dimensioning and tolerancing shall be complete so there is full
definition of each part feature.

3. Dimensions shall be selected and arranged to suit the function and
mating relationship of a part and shall not be subject to more than
one interpretation.

4. The drawing should define a part without specifying manufacturing
methods.

5. A 90° angle applies where centerlines and lines depicting features
are shown on a drawing at right angles, and no dimension is
shown.

6. A 90° basic angle applies where centerlines of features in a
pattern—or surfaces shown at right angles on a drawing—are
located and defined by basic dimensions, and no angle is specified.

7. Unless otherwise specified, all dimensions are applicable at 20° C
(68° F).

8. All dimensions and tolerances apply in the free-state condition.
This principle does not apply to non-rigid parts.

9. Unless otherwise specified, all geometric tolerances apply to the
full depth, length, and width of the feature.

+10. Dimensions and tolerances apply only at the drawing level where
they are specified. A dimension specified on a detail drawing is not
mandatory for that feature on the assembly drawing.

The first three rules establish dimensioning conventions; rule four states
that manufacturing methods should not be specified. Rules five and six
establish conventions for implied 90° angles. Rules seven, eight, and nine
establish default conditions for dimensions and tolerance zones. Rule ten
establishes a convention for which drawing level dimensions and toler-
ances apply.
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THE COORDINATE TOLERANCING SYSTEM
Definition

For about one hundred fifty years, a tolerancing approach called
“coordinate tolerancing” was the predominant tolerancing system used on
engineering drawings. Coordinate tolerancing is a dimensioning system
where a part feature is located (or defined) by means of rectangular
dimensions with given tolerances. An example of coordinate tolerancing

is shown in Figure 1-7.
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FIGURE 1-7 Coordinate Tolerancing Drawing

SHORTCOMINGS OF COORDINATE
TOLERANCING

Coordinate tolerancing was very successful when companies were small,
because it was easy to talk to the machinist to explain what the drawing
intent was. Over the years, as companies grew in size, parts were
obtained from many sources. The ability for the designer and machinist
to communicate directly had diminished, and the shortcomings of the
coordinate tolerancing system became evident. Coordinate tolerancing
simply does not have the completeness to precisely communicate the part
requirements.

Coordinate tolerancing contains three major shortcomings. They are:
1. Square or rectangular tolerance zones

2. Fixed-size tolerance zones
3. Ambiguous instructions for inspection

13
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Coordinate Tolerancing and

Square (or lllogical) Tolerance Zones

Let’s look at the coordinate tolerancing shortcomings in more depth. First,
let’s examine the tolerance zone for the 8.0-8.4 dia. hole locations from
the part in Figure 1-7. The hole location tolerance zone is formed by the
max. and min. of the vertical and horizontal location dimensions.

Figure 1-8 shows that a 0.5 square tolerance zone would be formed. The
illogical aspect of a square tolerance zone is that the hole can be off its
nominal location in the diagonal directions a greater distance than in the
vertical and horizontal directions. A more logical and functional approach
is to allow the same tolerance for a hole location in all directions, creating
a cylindrical tolerance zone.

0.5
0.25 0.5 SQUARE
TOLERANCE ZONE

0.25 -
ni N2
_‘._l
4—9.75‘4 T Jo 10.25 0.707

|
]

FIGURE 1-8 Square Tolerance Zone that Results from Coordinate Dimensions

Coordinate Tolerancing and

Fixed-Size Tolerance Zones

Next, let’s discuss how coordinate tolerancing uses fixed-size tolerance
zones. The print specification requires the center of the hole to be within a
0.5 square tolerance zone, whether the hole is at its smallest size limit or
its largest size limit. When the important function of the holes is assembly,
the hole location is most critical when the hole is at its minimum limit of
size. If the actual hole size is larger than its minimum size limit, its loca-

tion tolerance can be correspondingly larger without affecting the part
function.

Square and fixed-size tolerance zones can cause functional parts to be
scrapped. Since coordinate tolerancing does not allow for cylindrical toler-
ance zones or tolerance zones that increase with the hole size, lengthy
notes would have to be added to a drawing to allow for these conditions.
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Coordinate Tolerancing and
Ambiguous Instructions for Inspection

A !

This method for part measurement? OR This method for part measurement?

A B

FIGURE 1-9 Methods of Inspection

A third major shortcoming of coordinate tolerancing is that it has ambigu-
ous instructions for inspection. Figure 1-9 shows two logical methods an
inspector could use to set up the part from Figure 1-7 for inspecting the
holes. The inspector could rest the part on the face first, long side second
and the short side third, or the inspector could rest the part on the face
first, the short side second and theJ long side third.

Because there are different ways to hold the part for inspection, two in-
spectors could get different measurements from the same part. This can re-
sult in two problems: good parts may be rejected or, worse yet, bad parts
could be accepted as good parts.

The problem is that the drawing does not communicate to the inspector
which surfaces should touch the gaging equipment first, second, and third.
When using coordinate tolerancing, additional notes would be required to
communicate this important information to the inspector.

As you can see, coordinate tolerancing has some very significant short-
comings. That’s why its use is rapidly diminishing in industry. However,
coordinate tolerancing is not totally obsolete; it does have some useful ap-
plications on engineering drawings. The chart in Figure 1-10 shows appro-
priate uses for coordinate tolerances on engineering drawings.
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Coordinate Dimension Usage THE GEOMETRIC DIMENSIONING AND
TOLERANCING SYSTEM
Type of Dimension | Appropriate Use Poor Use
Definition
Size X Geometric Dimensioning and Tolerancing (GD&T) is an international
language that is used on engineering drawings to accurately describe a
Chamfer X part. The GD&T language consists of a well-defined set of symbols, rules,
_ definitions, and conventions. GD&T is a precise mathematical language
Radius X that can be used to describe the size, form, orientation, and location of part
_ features. GD&T is also a design philosophy on how to design and dimen-
Locating Part Features X sion parts. Figure 1-11 shows an example of an engineering drawing that is
Controlling Angular X toleranced with GD&T.
Relationships
Defining the Form of .
Part Features X =2 2 23 THRU
[&[207@®[a]B]c]
FIGURE 1-10 Appropriate Uses for Coordinate Tolerancing 62540256 — |a— 12626
[—Jozs@] | | L% 307 20
| - L [&leos@[a]B]c]
} e ] T
TECHNOTE 1-2 Coordinate Tolerancing |
Coordinate tolerancing is a dimensioning system where a part feature —-- - Rev | oescmerov | owe
is located (or defined) by means of rectangular dimensions with given L] o A Ace Vise Co.
tolerances. Coordinate tolerancing has three shortcomings: Ormwn by Kuliowski |2 2000104
- Drawing per ASME Y14.5M-1994
Unless otherwise specified:
1. Square or rectangular tolerance zones - T
2. Fixed-size tolerance zones MATERIAL STEEL SAE 1010-20
3. Ambiguous instructions for inspection : , PRTNME VISE PAD
Part No. 859721

FIGURE 1-11 Engineering Drawing Example

Design Philosophy of Geometric Tolerancing

Geometric tolerancing encourages a dimensioning philosophy called
“functional dimensioning.” Functional dimensioning is a dimensioning
philosophy that defines a part based on how it functions in the final prod-
uct. The functional dimensioning philosophy is encouraged in many places
throughout the Y14.5 standard. Although functional dimensioning is the
’ philosophy, it does not mean the designer should design the component
without taking other factors into consideration. Many companies find it a
great advantage to use a process called “simultaneous engineering.” Si-
multaneous engineering is a process where design is a result of input
from marketing, engineering, manufacturing, inspection, assembly, and
service. Simultaneous engineering often results in better products at lower
cost.
16
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GD&T BENEFITS

- Improves Communication
GD&T can provide uniformity in drawing specifications and
interpretation, thereby reducing controversy, guesswork and
assumptions. Design, production, and inspection all work in the
same language.

- Provides Better Product Design
The use of GD&T can improve your product designs by providing
designers with the tools to “say what they mean,” and by following
the functional dimensioning philosophy.

- Increases Production Tolerances
There are two ways tolerances are increased through the use of
GD&T. First, under certain conditions, GD&T provides “bonus”—
or extra—tolerance for manufacturing. This additional tolerance can
make a significant savings in production costs. Second, by the use of
functional dimensioning, the tolerances are assigned to the part
based upon its functional requirements. This often results in a larger
tolerance for manufacturing. It eliminates the problems that result
when designers copy existing tolerances, or assign tight tolerances,
because they don’t know how to determine a reasonable (functional)
tolerance.

COMPARISON BETWEEN GD&T AND
COORDINATE TOLERANCING

Sometimes designers think that it is faster to dimension a part with coor-
dinate tolerancing than by using geometric tolerancing. This is not true.
Let’s take the drawing from Figure 1-7 and add geometric tolerances to
eliminate the major shortcomings of the coordinate dimensions.

The first major shortcoming of coordinate tolerancing is “square tolerance
zones.” Let’s look at how geometric tolerancing eliminates this short-
coming. In Figure 1-12, the arrow labeled “A” points to a GD&T symbol.
This symbol specifies a cylindrical tolerance zone. The square tolerance
zone from the coordinate toleranced version (Figure 1-7) is converted into
a cylindrical tolerance zone. Notice that the tolerance value is larger than
the 0.5 tolerance allowed in Figure 1-7. Figure 1-13 shows how the cylin-
drical zone provides additional tolerance in comparison with the square
tolerance zone. The additional tolerance gained from using cylindrical
tolerance zones can reduce manufacturing costs.
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REV | DESCRIPTION I DATE
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. ] J. Ace Vise Co.
™ Drawn by - krylikowski |°=‘°: 23JULe4

Drawing per ASME Y14.5M-1994
Unless otherwise specified:

All dimensions in millimeters
Angles: £5° Dimensions: $0.5

MATERIAL STEEL SAE 1010-20

PARTNANE  \ISE PAD
PartHo, 859721

]
D

FIGURE 1-12 Vise Pad Drawing Using GD&T

The second major shortcoming of coordinate tolerancing is “fixed-size
tolerance zones.” Let’s look at how geometric tolerancing eliminates this
shortcoming. In Figure 1-12 the arrow labeled “B” points to a GD&T
symbol. This symbol specifies a tolerance zone that applies when the holes
are their smallest diameter. When the holes are larger, this GD&T symbol
allows the hole location to have additional tolerance. This additional
tolerance allowed by the GD&T symbol can reduce manufacturing costs.

0.5 Square tolerance zone that results from
coordinate tolerances
1
\1 + 0.5
A
1 1
i

Zon

Cylindrical tolerance zone that results from geometric
tolerancing (57% additional tolerance)

FIGURE 1-13 Cylindrical vs. Square Tolerance Zone
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The third major shortcoming of coordinate tolerancing is that it has
“ambiguous instructions for inspection.” Let’s look at how geometric tol-
erancing eliminates this shortcoming. Geometric tolerancing contains a
concept called the “datum system.” The datum system allows the designer
to communicate the appropriate method of part setup to the inspector.
First, symbols are added to the drawing to denote which surfaces touch the
gage. See Figure 1-12, arrows labeled “C” and “D.” Then, inside the fea-
ture control frame (see arrow labeled “E”), the sequence is given for the
inspector to address the part to gage surfaces. Using the geometric toler-
ancing specifications from Figure 1-12, the inspection method would be
the one shown in Figure 1-94.

84 128 '
8¢ DIATHRU-2 HOLES 142 DIA C'BORE-2 HOLES

LOCATE THE PART PER NOTE LOCATE THE PART PER NOTE 1. WHEN
1. WHEN THE HOLES ARE THE HOLES ARE THE SMALLEST

THE SMALLEST DIAMETER, DIAMETER, THE CENTER OF EACH HOLE
THE CENTER OF EACH HOLE SURFACE B MUST BE LOCATED WITHIN A 0.5

MUST BE LOCATED WITHIN A DIAMETER CYLINDRICAL TOLERANCE

0.7 DIAMETER CYLINDRICAL 6.25£0.25 ZONE. WHEN A HOLE IS LARGER THAN
TOLERANCE ZONE. WHEN A *i "_ ITS MINIMUM DIAMETER, SUBTRACT THE

HOLE IS LARGER THAN ITS 1 MINIMUM DIAMETER FROM THE ACTUAL
MINIMUM DIAMETER, =] \ DIAMETER, AND ADD THIS AMOUNT TO
SUBTRACT THE MINIMUM N gy THE CYLINDRICAL TCLERANCE ZONE
DIAMETER FROM THE BN THE HOLE CENTER MUST BE WITHIN THE
ACTUAL DIAMETER, AND ADD LARGER TOLERANCE ZONE DIAMETER.
THIS AMOUNT TO THE
CYLINDRICAL TOLERANGE ™ DIMENSIONS MARKED 8 ARE GAGE
ZONE. THE HOLE CENTER 55 35 | DIMENSIONS. FOR PART TOLERANCES
MUST BE WITHIN THE SEE NOTES WHICH ARE ASSOCIATED
LARGER TOLERANCE ZONE WATH'THE PART.
DIAMETER. _/
e
SURFACE A e 1% {}_ rev | DESCRIPTION | DATE

PART MUST PASS BETWEEN i‘_] 10" N A Vi C

TWO PARALLEL PLATES ce ise 0.

SPACED EXACTLY 6.75 T

APART, ———————— L— lﬂ- - 10® Drawnby: ) Krulikowski IDafe: 23JUL80

SURFACEC < 20.25 Unless otherwise specified:
B NOTE 1 19.75 All dimensions in millimeters
Angles: +5° Dimensiong: 0.5
MOUNT THE PART IN A SET OF 3 MUTUALLY PERPENDICULAR PLANES.
SURFACE A CONTACTS ONE PLANE FIRST, SURFACE B CONTACTS A MATERIAL
PLANE SECOND, & SURFACE C CONTACTS A PLANE THIRD. MAKE ALL STEEL SAE 1010-20
MEASUREMENTS PERPENDICULAR OR PARALLEL TO THESE PLANES. PART NAME VISE PAD
ParNo: 8597421

FIGURE 1-14 Notes Required to Make Coordinate Dimensioned Drawing Equivalent to GD&T
Drawing

Now, through the use of geometric tolerancing, the dimensioning short-
comings are eliminated. Let’s take a look at what the drawing would look
like if we tried to accomplish the same level of drawing completeness
with coordinate tolerancing. Figure 1-14 shows the vise pad drawing from
Figure 1-12. This time the part is dimensioned with coordinate dimen-
sions to the same level of completeness as the GD&T version, but using
words instead of symbols. Now, which drawing do you think would be
easier to create? When the goal is to dimension both drawings to the same
degree of completeness, it is faster to use geometric tolerances.
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The differences between coordinate tolerancing and geometric tolerancing
are summarized in Figure 1-15. When comparing these tolerancing meth-
ods, it is easy to understand why geometric tolerancing is replacing coor-

dinate tolerancing.

DRAWING COORDINATE GEOMETRIC
CONCEPT TOLERANCING TOLERANCING
CONDITION CONDITION
» Square or rectangular tolerance » Can use diameter symbol to allow
zones for hole locations round tolerance zones
TOLERANCE e et e
ZONE SHAPE RESULTS RESULTS
» Less tolerance available for hole » 57% more tolerance for hole location
» Higher manufacturing costs » Lower manufacturing costs
CONDITION CONDITION
» Tolerance zone is fixed in size » Use of MMC modifier allows tolerance
zones to increase under certain
TOLERANCE conditions
o ] 25 [
ELEXIBILITY RESULTS RESULTS
» Functional pJans scrapped » Functional parts used
» Higher operating costs » Lower operating costs
CONDITION CONDITION
» Implied datum allows choices for » The datum system communicates one
set up when inspecting the part set up for inspection
EASEOF [~~~ T TTTTTTTTTTTTorTTTTTTTTTTTTTTTTTTT T
INSPECTION RESULTS RESULTS
» Multiple inspectors may get » Clear instructions for inspection
different results » Eliminates disputes over part
» Good parts scrapped acceptance
» Bad parts accepted

FIGURE 1-15 Comparison Between Coordinate Tolerancing and Geometric Tolerancing
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Author's Comment
This myth is often
spread by people who
do not understand
geometric tolerancing.

THE GREAT MYTH OF GD&T

Even though geometric tolerancing has been accepted by many companies
and individuals, it is still associated with a great myth. The Great Myth of
GD&T is the misconception that geometric tolerancing raises product
costs.

The myth stems from two factors. The first is the fear of the unknown; it is
common to be skeptical of things that are not well understood. When a
part dimensioned with GD&T is sent out for a cost estimate, people tend
to inflate their assessment of how much the part will cost simply because
they are fearful that the drawing contains requirements they may not be
able to easily meet. Geometric tolerancing gets the blame for the higher
cost, but in reality, geometric tolerancing probably allowed the part more
tolerance, and the drawing user did not understand how to read the draw-
ing.

The second factor that helps to create the myth is poor design practices.
Many drawings contain tolerances that are very difficult to achieve in pro-
duction, regardless of what dimensioning system is used. This stems from
designers who simply do not use due care in assigning the tolerances.
Somehow the language of GD&T gets the blame. It’s not the fault of the
language; it is the fault of the designer.

The fact is, that when properly used, GD&T SAVES MONEY.
The great myth about geometric tolerancing can be eliminated with a bet-
ter understanding of geometric tolerancing by both drawing makers and
drawing users. Simply put, knowledge is the key to eliminating the myth.

Let’s review a few FACTS about geometric tolerancing:

- GD&T increases tolerances with cylindrical tolerance zones.
GD&T allows additional (bonus) tolerances.

GD&T allows the designer to communicate more clearly.
GD&T eliminates confusion at inspection.
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VOCABULARY LIST

New Terms Introduced in this Chapter
ASME Y14.5M-199%4

Bilateral tolerance

Coordinate tolerancing system

Dimension

Engineering drawing

Equal bilateral tolerance

Functional dimensioning

Fundamental Dimensioning Rules

Geometric Dimensioning and Tolerancing (GD&T)
Great Myth of GD&T

International Standards Organization (ISO)

Limit tolerance

Plus-minus tolerance

Simultaneous engineering

Tolerance

Unequal bilateral tolerance

Unilateral tolerance

ADDITIONAL RELATED TOPICS

ASME Y14.5M-1994
Reference

Topic

e ASME Y14.5M & ISO standards
comparison

Appendix D (pg. 372)

e Metric limits and fits Paragraph 2.2.1

» Plated or coated parts Paragraph 2.4.1
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Study Tip
Read each term. If
you don’t recall the
meaning of a term,
look it up in the
chapter.

Author's Comment
These topics, plus
advanced coverage of
many of the topics
introduced in this

text, will be covered
in my new book on
advanced GD&T
concepts.
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QUESTIONS AND PROBLEMS 10. Fill in the chart using the drawing from Figure 1.
Max/Min | If the measured |This dimension would be Why
Dimension | jimits value was. . . Accepted | Rejected
( A 13.52001
4X #6.2 g,z
¥ B 93.9999
40.2
39.2 ™ D

c 6.27001
= if &
(’B D 40.1999

1777 E .| 16.80
E © j © | 11. What does ASME Y14.5M-1994 stand for?
p164 " 0% ASME
& IT/[M.S
FIGURE 1 E 1994 j
The questions refer to Figure 1. 12. What is coordinate toleranping?
1. Dimension A contains a tolerance. (limit / plus-minus)
2. Dimension B contains a tolerance. (limit / plus-minus) |
3. Dimension C contains a tolerance. (limit / plus-minus) | 13. The three major shortcomings of coordinate tolerancing are:
4. Dimension D contains a tolerance. (limit / plus-minus) '
5. Dimension B contains an bilateral tolerance.  (equal / unequal)
6. Dimension C contains a tolerance. (unilateral / bilateral) 14. The “Great Myth of GD&T” is . . . .
7. Dimension E contains an bilateral tolerance.  (equal / unequal) |

8. What is the convention for a whole number metric dimension?

9. What is the convention for a metric dimension less than one millimeter?
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Chapter 2 - Introduction to Geometric Tolerancing Symbols and Terms

Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

Studying geometric tolerancing is like constructing a building; if you want
the building to be strong and last a long time, you must begin by laying a
solid foundation. Likewise, if you want to build an understanding of geo-
metric tolerancing that will be strong and long lasting, you should begin by
establishing a solid foundation. The terms and symbols in this chapter lay
the foundation for understanding the concepts in the following chapters.

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:

2-1. Understand eight key terms and how they affect the interpretation of a
drawing.

2-2. Understand the modifiers and symbols used in geometric tolerancing.

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 2-1 (pp. 29-35)

- Define a feature.

- Define a FOS.

- Describe cylindrical and planar features of size.

- Distinguish between feature of size and non-feature of size
dimensions.

- Define actual local size.

- Define the actual mating envelope of an external feature of size.

- Define the actual mating envelope of an internal feature of size.

- Describe the maximum material condition of a feature of size.

- Describe the least material condition of a feature of size.

- Describe the term, “regardless of feature size.”

- Identify the maximum and least material condition of a feature
of size.

Goal 2-2 (pp. 36-40)
- Identify the eight common modifiers used in geometric tolerancing.
- Describe the tolerance conditions for a radius.
- Describe the tolerance conditions for a controlled radius.
- Name the fourteen geometric characteristic symbols.
- List the five categories of geometric controls.
- Identify the parts of a feature control frame.
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DEFINITIONS

Features and Features of Size

This section contains definitions of six important GD&T terms. These
terms are used throughout the text. A feature is a general term applied to a
physical portion of a part, such as a surface, hole, or slot. An easy way to
remember this term is to think of a feature as a part surface. The part in
Figure 2-1 contains seven features: the top and bottom, the left and right
sides, the front and back, and the hole surface.

top
left front

side "\ / back

right L _ _ _ __]
& side

hole surface \ bottom

5
(This part has seven features)
FIGURE 2-1 Examples of Features

TECHNOTE 2-1 Feature

A feature is any surface on a part.

A feature of size (FOS) is one cylindrical or spherical surface, or a set of
two opposed elements or opposed parallel surfaces, associated with a size
dimension. A key part of the FOS definition is that the surfaces or ele-
ments must be opposed. An axis, median plane or centerpoint can be de-
rived from a feature of size.

TECHNOTE 2-2 Feature of Size
A feature of size. . .
- Contains opposing elements or surfaces.

- Can be used to establish an axis, median plane, or centerpoint.
- Is associated with a size dimension.
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Author’'s Comment
Usually (99% of the
time), the opposing
elements will both

be the same type—
for example, two
opposing surfaces or
two opposing line
elements, instead of a
surface on one side
opposing a line
element on the other
side.

Figure 2-2 shows several examples of features of size. Notice that in each
case, the feature of size contains opposed surfaces or elements and could
be used to derive an axis, median plane, or centerpoint.

Every feature of size contains one or more features—surface(s)—within it.
A cylindrical FOS contains one feature: the cylindrical surface. A planar
FOS is a FOS that contains two features: the two parallel plane surfaces.
(“Feature” is a general term; it is often used when referring to a FOS.)

Internal and External Features of Size

There are two types of features of size—external and internal. External
features of size are comprised of part surfaces (or elements) that are exter-
nal surfaces, like a shaft diameter or the overall width or height of a planar
part. In Figure 2-2, the 34-36 dimension and the 24.0-24.2 dimension are
size dimensions for external features of size. An internal FOS is comprised
of part surfaces (or elements) that are internal part surfaces, such as a hole
diameter or the width of a slot. In Figure 2-2, the 4.2-4.8 diameter hole and

the 10.2-10.8 diameter hole are size dimensions for internal features of
size.

36 10.8 24.2 E—
g ——— A ™ %) 102 240

FIGURE 2-2 Examples of Features of Size and Non-Features of Size

Feature of Size Dimensions

Let’s look at how the feature of size concept relates to dimensions. A fea-
ture of size dimension is a dimension that is associated with a feature of
size. A non-feature of size dimension is a dimension that is not associated
with a feature of size. In Figure 2-2 there are four feature of size dimen-
sions and three non-feature of size dimensions. Whether a dimension is or
is not a feature of size dimension is an important concept in geometric tol-
erancing. Later in the course, you will learn that certain rules automatically
apply when a feature of size dimension is specified on a drawing.

30

Actual Local Size and Actual Mating Envelope

The next term is actual local size. Actual local size is the value of any in-
dividual distance at any cross section of a FOS. The actual local size is a
two-point measurement, taken with an instrument like a caliper or mi-
crometer, that is checked at a point along the cross section of the part. A
FOS may have several different values of actual local size.

The term, "actual mating envelope" is defined according to the type of
feature of size being considered. The actual mating envelope (AME) of
an external feature of size is a similar perfect feature counterpart of the
smallest size that can be circumscribed about the feature so it just contacts
the surfaces at the highest points.

For example, a similar perfect counterpart could be:

- a smallest cylinder of pei’fect form
- two parallel planes of perfect form at a minimum separation

. . . that just contact(s) the highest points of the surfaces. AME is a vari-
able value; it is derived from an actual part. See Figure 2-3 for examples.

— & 1f4 — & 14.58 actual mating envelope (for this part)

44— [/ 11 ¢+—— Smallest perfect feature counterpart

o 14.4J\u'14.56
Actual local size

— @ 1;.2 — @ 14.5 actual mating envelope (for this part)

+—— Smallest perfect feature counterpart

Actual local size

FIGURE 2-3 Actual Mating Envelope of an External Feature of Size

If a feature of size is controlled by an orientation or positional tolerance,
with the MMC or LMC modifier used, the AME is relative to the appro-
priate datums.
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The actual mating envelope (AME) of an internal feature of size is a
similar perfect feature counterpart of the largest size that can be inscribed MATERIAL CONDITIONS

within the feature so that it just contacts the surfaces at their highest O
points. A similar perfect feature counterpart could be a largest cylinder of A key concept in geometric tolerancing is the ability to specify tolerances
perfect form. It could also be two parallel planes of perfect form at at various part feature material conditions. A geometric tolerance can be
maximum separation that just contact the highest points of the surfaces. specified to apply at the largest size, smallest size, or actual size of a fea-
AME is a variable value; it is derived from an actual part. See Figure 2-4 ture of size. This section provides definitions of the three common mate-
for examples. rial conditions used in GD&T. Author’'s Comment
_ These material
AHEDEANING o 143 Maximum Material Condition (MMC) zzzc:::l;nbzozszgts
4.0 . ., . . . 5 .
/- 1 Maximum material condition is the confl1t1on in which a.fegture of size T g o
contains the maximum amount of material everywhere within the stated | f..ure of size such as
--------- g limits of size—for example, the largest shaft diameter or smallest hole | a hole, shaft diameter,
----- e H diameter. Figure 2-5 shows examples of maximum material condition. tab, etc.
' 10.4
s o i i i = W= = 910.2\
ALLOWS THESE POSSIBLE PART CONFIGURATIONS 6.6 e MMC
@ 14.1 hol / 507
& 14.4 7 e
]l % 0.; :
] S—r e
l‘!; — ‘: L Largest similar perfect feature counterpart ’ ¥ &\ " 36/_MMC
i W :
- 4 34
//////’ ATL @ 14.1 actual mating envelope (for this part) 8.8 _T | \l'/ 1;; l
8.0
N t
— & 14.5 hole MMC
& 14.4 hole =i 505 B 12
V % | I U NP
!.. S @ 14.2 actual mating envelope (for this part) MMC ¥ T / i
o] y ___:! Largest similar perfect feature counterpart \6.2 _1 : | f
5.8 . 60
| . 58
MMC
FIGURE 2-4 Actual Mating Envelope of an Internal Feature of Size

FIGURE 2-5 Maximum Material Condition
If a feature of size is controlled by an orientation or positional tolerance,

with the MMC or LMC modifier, the actual mating envelope is relative
to the appropriate datums.

TECHNOTE 2-4 Maximum Material Condition

TECHNOTE 2-3 Actual Mating Envelope - The maximum material condition of an external feature of size

: . : : (i.e., shaft) is its largest size limit.
- Actual mating envelope is a variable value, derived from an actual - The maximum material condition of an internal feature of size
part.

(i.e., hole) is its smallest size limit.
- For an external feature, the actual mating envelope is the

smallest perfect feature counterpart that can be circumscribed
about the feature.

- For an internal feature, the actual mating envelope is the
largest perfect feature counterpart that can be inscribed within the
feature.
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For more info. . .
See Rule #2 and Rule
#2A on page 54.

Least Material Condition (LMC)

Least material condition is the condition in which a feature of size con-
tains the least amount of material everywhere within the stated limits of
size—for example, the smallest shaft diameter or the largest hole diameter.
Figure 2-6 shows examples of the least material condition.

L]
)
&

r
4

60y

P
B / MMC
LMC

FIGURE 2-6 Examples of Maximum and Least Material Condition

TECHNOTE 2-5 Least Material Condition

- The least material condition for an external feature of size
(i.e., shaft) is its smallest size limit.

- The least material condition for an internal feature of size
(i.e., hole) is its largest size limit.

Regardless of Feature Size (RFS)
Regardless of feature size is the term that indicates a geometric tolerance
applies at any increment of size of the feature within its size tolerance. An-
other way to visualize RFS is that the geometric tolerance applies at what-
ever size the part is produced. There is no symbol for RFS because it is the
default condition for all geometric tolerances.
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Material Conditions and Part Dimensions

Every feature of size has a maximum and least material condition. Limit
dimensions directly specify the maximum and least material condition of
a feature of size. When a drawing contains plus-minus dimensions, the
material conditions may have to be derived from the dimensions. Figure
2-7 shows examples of material conditions.

Material Condition Usage

Each material condition is used for different functional reasons. Geomet-
ric tolerances are often specified to apply at MMC when the function of a
FOS is assembly. Geometric tolerances are often specified to apply at
LMC to insure a minimum distance on a part. Geometric tolerances are
often specified to apply at RFS to insure symmetrical relationships.

4

Design Tip
Geometric tolerances
specified at maximum
or least material
condition have a
significant cost
advantage over
geometric tolerances
specified regardless
of feature size.

BT

MMC = 386
LMC =380 MMC =120 MMC =4.0 .
LMC =124 LMC =41
386 ¢ 240, +0.1
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FIGURE 2-7 Maximum and Least Material Conditions
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DD

For more info. . .
The projected tol-
erance zone modifier
is explained in Chap-
ter 9. The tangent
plane modifier is ex-
plained in Chapter 7.

Author’s Comment
Additional modifiers
and the concept of
RFS are explained in
Section 3 of Y14.5.

MODIFIERS

In the language of geometric tolerancing there are a set of symbols called
“modifiers.” Modifiers communicate additional information about the
drawing or tolerancing of a part. There are eight common modifiers used in
geometric tolerancing. They are shown in Figure 2-8.

The first two modifiers, MMC and LMC were explained earlier in this
chapter. The projected tolerance zone modifier and the tangent plane
modifier are placed inside the feature control frame, as are the MMC and
LMC modifier symbols.

The next two modifiers, the “P” and “T” in circles, stand for projected
tolerance zone and tangent plane. The projected tolerance zone modifier
changes the location of the tolerance zone on the part. It projects the tol-
erance zone so that it exists above the part. The tangent plane modifier
denotes that only the tangent plane of the toleranced surface needs to be
within this tolerance zone.

The diameter symbol is used two ways: inside a feature control frame as a
modifier to denote the shape of the tolerance zone, or outside the feature
control frame to simply replace the word, “diameter.” The radius and
controlled radius modifiers are always used outside the feature control
frame. They are explained in the next section.

The modifier for reference is simply the method of denoting that infor-
mation is for reference only. The information is not to be used for manu-
facturing or inspection. To designate a dimension or other information as
reference, the reference information is enclosed in parentheses.

TERM ABBREVIATION | SYMBOL

MAXIMUM MATERIAL CONDITION MMC o™
LEAST MATERIAL CONDITION LMC k)
PROJECTED TOLERANCE ZONE __ ®
TANGENT PLANE — ©)
DIAMETER DIA &

RADIUS —— R

CONTROLLED RADIUS — CR
REFERENCE — ()

FIGURE 2-8 Modifiers
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RADIUS AND CONTROLLED RADIUS

Arcs are dimensioned with a radius symbol on drawings. The Y14.5M-
1994 standard contains two radius symbols: radius and controlled radius.

Radius

A radius is a straight line extending from the center of an arc or a circle
to its surface. The symbol for a radius is “R.” When the “R” symbol is
used, it creates a zone defined by two arcs (the minimum and maximum
radii). The part surface must lie within this zone. Figure 2-9 shows a ra-
dius tolerance zone. The part surface may have flats or reversals within
the tolerance zone.

O

Author’'s Comment
The controlled radius
is a new symbol
introduced in Y14.5.

Part contour must be
within the tolerance
zone, Flats and
reversals are allowed.

\ \/— Max radius 16.4

16.4

i Rise |
|

—

Min radius 15.6

Magnified view

FIGURE 2-9 Radius Example

Controlled Radius

A controlled radius is a radius with no flats or reversals allowed. The
symbol for a controlled radius is “CR.” When the “CR” symbol is used, it
creates a tolerance zone defined by two arcs (the minimum and
maximum radii). The part surface must be within the crescent-shaped
tolerance zone and be an arc without flats or reversals. Figure 2-10 shows
a controlled radius tolerance zone.

Part contour must be
within the tolerance
zone, Flats and reversals
are not allowed.

16.4

/_’ O 358 |

Design Tip
A controlled radius is
a stringent require-
ment; it should only
be used in special
cases. One example is
when the part stresses
are very high and
reversals in the
radiused surface
would produce higher
additional stresses.

_____giﬁk | \ fMax radius 16.4
/—‘_ B 2
1
i Min radius 15.6
Magnified view
I
FIGURE 2-10 Controlled Radius Example
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B ———————————————————————————————

O

Author’'s Comment
The symmetry symbol
did not exist in the
1982 version of
Y14.5.

~ TECHNOTE 2-6 Radius & Controlled Radius

- When an “R” symbol is specified, flats or reversals are allowed.
- When a “CR” symbol is specified, flats or reversals are not allowed.

INTRODUCTION TO GEOMETRIC
TOLERANCES

Geometric Characteristic Symbols

Geometric characteristic symbols are a set of fourteen symbols used in the
language of geometric tolerancing. They are shown in Figure 2-11. The
symbols are divided into five categories: form, profile, orientation, loca-
tion, and runout. The chart in Figure 2-11 shows that certain geometric
symbols never use a datum reference and other geometric symbols always
use a datum reference. Furthermore, some geometric symbols may or may
not use a datum reference. The size and proportions for the geometric
symbols are given in Appendix B.

CHARACTERISTIC symeoL | USES A DATUM

CATEGORY
REFERENCE

STRAIGHTNESS

FLATNESS
FORM

NEVER
CIRCULARITY (ROUNDNESS)

CYLINDRICITY

PROFILE OF A LINE
PROFILE

SOMETIMES
PROFILE OF A SURFACE

ANGULARITY

ORIENTATION PERPENDICULARITY

PARALLELISM

POSITION

ALWAYS
LOCATION CONCENTRICITY

SYMMETRY

CIRCULAR RUNOUT
RUNOUT

TOTAL RUNOUT

QN ]o]e|x|F|N|D|D]|x]|o|T] |

FIGURE 2-11 Geometric Characteristic Symbols
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Feature Control Frame

Geometric tolerances are specified on a drawing through the use of a fea-
ture control frame. A feature control frame is a rectangular box that is di-
vided into compartments within which the geometric characteristic sym-
bol, tolerance value, modifiers, and datum references are placed. The
compartments of a feature control frame are shown in Figure 2-12.

The first compartment The second compartment always contains
always contains one of the tolerance information:
the fourteen geometric - The tolerance value

characteristic symbols - Modifiers that describe the tolerance
conditions
[ [ oz [4]

The third, fourth, and fifth
compartments (when used) always
contain datum information

(@@ w[n]7)

FIGURE 2-12 Parts of a Feature Control Frame

The first compartment of the feature control frame is called the geometric
characteristic portion. It contains one of the fourteen geometric
characteristic symbols.

The second compartment of the feature control frame is referred to as the
tolerance portion. The tolerance portion of a feature control frame may
contain several bits of information. For example, if the tolerance value is
preceded by a diameter symbol ¢ , the shape of the tolerance zone is a
cylinder. If a diameter symbol is not shown in the front of the tolerance
value, the shape of the tolerance zone is either parallel planes, parallel
lines, or a uniform boundary in the case of profile. The tolerance value
specified is always a total value.

When specifying a non-datum related control, the feature control frame
will have two compartments. When specifying a datum related control, the
feature control frame may have up to five compartments: the first for a
geometric characteristic symbol, one for tolerance information, and up to
three additional compartments for datum references. The third, fourth, and
fifth compartments of the feature control frame are referred to as the
datum reference portion of the feature control frame.
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The typical placement of feature control frames is shown in Figure 2-13.

38.6 @122+ 0.2 THRU

L

>

94"3'1 THRU

(& [201@[c[F@]4]

38.0 /_
@ |pos@ [c[a[e @)
(& [+ @[A[s@) | [oos@[c]

3

FIGURE 2-13 Placement of Feature Control Frames
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VOCABULARY LIST

New Terms Introduced in this Chapter
Actual local size

Actual mating envelope (AME) (external FOS)
Actual mating envelope (AME) (internal FOS)
Controlled radius (CR)

Cylindrical FOS

Feature

Feature control frame

Feature of size (FOS)

Feature of size dimension

Geometric characteristic symbols

Least material condition (LMC)

Maximum material condition (MMC)
Modifiers )

Non-feature of size dimension

Planar FOS

Radius (R)

Regardless of feature size (RFS)

ADDITIONAL RELATED TOPICS

Topic ASME Y14.5M-1994

Reference
e Statistical tolerancing Paragraph 2.16
e Spherical diameter symbol Paragraph 3.3.7
e Arc length symbol Paragraph 3.3.9
e Free-state symbol Paragraph 3.3.19

e Surface texture symbols Paragraph 3.3.21

41

Study Tip
Read each term. If
you don’t know its
meaning, look it up
in the chapter.

O

as

Author's Comment
These topics, plus
advanced coverage of
many of the topics
introduced in this text,
will be covered in my
new book on
advanced GD&T
concepts.

| |
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QUESTIONS AND PROBLEMS

Chapter 2 - Introduction to Geometric Tolerancing Symbols and Terms

J X D4
N Y g

© ¢ i 10
""""""""" T‘,.-G \ ’_f—r D
O |5 N | e
=i
e 5| g

K=" c/ 7/

UNLESS OTHERWISE SPECIFIED ALL DIMENSIONS 0.5
UNLESS OTHERWISE SPECIFIED ALL ANGLES £0.5°

1.~ Using the drawing above, indicate if each letter is associated with a feature of size
dimension or a non-feature of size dimension.

Feature of size Non-feature of

Letter dimension size dimension
A
B
C
D
E
F
G
H
|
J
K

42

2.

UNLESS OTHERWISE SPECIFIED ALL DIMENSIONS 0.5
UNLESS OTHERWISE SPECIFIED ALL ANGLES 20.5°

Use the drawing above to fill in the value of the MMC and LMC for each dimension (or

indicate, “does not apply”).

i

Letter

MMC

Does not
LMC | apply

T|OQ(mm|o|lo|w

[
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Use the word list on the right to fill in the blanks. (There are more words than blanks.)

3. Actual local size is the value of any

10.

11.

12.

13,

14.

distance at any
of a feature.

In a feature of size, the surfaces or elements must be

There are two types of features of size, and

Actual mating envelope is a value.

For an internal feature of size, the actual mating envelope is the
perfect feature counterpart that can be inscribed
about the feature.

The smallest diameter of a hole is its material
condition.

When a radius is specified, flats or reversals are

Anangleisa dimension.
A FOS is a FOS that contains two parallel plane
surfaces.

A radius without flats and reversals is referred to as a

The five categories of geometric characteristic symbols are: Form,
. : ,and

Label the intended contents of a feature control frame.
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Word List

Actual local

Actual mating

Allowed

Angularity

Controlled radius

Cross section

Datum reference
portion

External feature of size

Feature of size

Fixed

Geometric

characteristic
portion

Individual

Internal

Largest

Least

Limit

Location

Maximum

Non-feature of size

Not allowed

Opposed

Orientation

Permissible

Planar

Position

Profile

Runout

Size

Smallest

Smooth radius

Tolerance portion

Variable

Chapter

Rules an pts of GD&T

Dimensions

Virtual
Condition

Tolerdnce
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Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

This chapter continues to lay the foundation for further meaningful study.
It introduces two important rules and three key concepts that are used
throughout the course.

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:

3-1. Understand Rule #1 and Rule #2.
3-2. Understand the concepts of basic dimensions, virtual condition, inner
and outer boundary, worst-case boundary, and bonus tolerance.

Performance Objectives that Demonstrate Mastery of

These Goals:
Upon completion of this chapter, each student should be able to:

Goal 3-1 (pp. 47-54)

- Explain Rule #1.

- Determine when Rule #1 applies to a dimension.

- Draw the Rule #1 envelope boundary.

- Explain the interrelationship between Rule #1 and its size
dimension.

- Explain how Rule #1 affects the interrelationship between features
of size.

- List two ways Rule #1 can be overridden.

- List two exceptions to Rule #1.

- Explain how to inspect a FOS that is controlled by Rule #1.

- Explain Rule #2.

Goal 3-2 (pp. 54-65)

- Define basic dimensions.

- List two uses for basic dimensions.

- Determine when a geometric tolerance applies to a feature or a
feature of size.

- Explain the concept of virtual condition.

- Explain the concept of inner and outer boundary.

- Explain the term, “worst-case boundary.”

- Calculate the virtual condition of a feature of size (with GD&T
applied).

- Explain the concept of bonus tolerance.

- Calculate the amount of bonus tolerance available for a geometric
tolerance.
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RULES

There are two general rules in ASME Y 14.5M-1994. The first rule estab-
lishes default conditions for features of size. The second rule establishes
a default material condition for feature control frames.

Rule #1

Rule #1 is referred to as the “Individual Feature of Size Rule.” It is a key
concept in geometric tolerancing. Rule #1 is a dimensioning rule used to
ensure that features of size will assemble with one another. When Rule
#1 applies, the maximum boundary (or envelope) for an external FOS is
its MMC. The minimum envelope for an internal FOS is its MMC. To
determine if two features of size will assemble, the designer can then
compare the MMC:s of the features of size. The Y14.5 definition for Rule
#1 is shown below. ‘

Rule #1: Where only a tolerance of size is specified, the limits of size
of an individual feature prescribe the extent to which variations in its
form—as well as in its size—are allowed.

In industry, Rule #1 is often paraphrased as “perfect form at MMC” or
the “envelope rule.”

There are two components to Rule #1: the envelope principle and the ef-
fects on the form of a FOS as it departs from MMC. When Rule #1 ap-
plies, the limits of size define the size as well as the form of an individual
FOS.

For example, let’s look at how Rule #1 affects the diameter of a pin.
When the pin diameter is at MMC, the pin must have perfect form. For a
pin diameter, perfect form means perfect straightness and perfect
roundness. This would allow the pin to fit through a boundary equal to its
MMLC. If the size of the pin was less than its MMC, the pin could contain
form error (straightness and roundness error) equal to the amount the pin
departed from MMC.

h — - é‘” |



Chapter 3 - Rules and Concepts of GD&T Chapter 3 - Rules and Concepts of GD&T
T 0 0 Do s T L R R R e

RULE #1 APPLIED TO AN EXTERNAL FEATURE OF SIZE An example of the effects of Rule #1 on a planar FOS is shown in Figure 3-2.
108
i “106 ‘ 108 —
— | i | Rule #1 boundary
¥ — 108 |
MMC SIZE AND FORM BOUNDARY LMC SIZE LIMIT 10.2
@ 10.6 ] Y
» I
9
— @ 10.8 boundary of perfect - - - - -- — I

L S

form at MMC ;
Each two-point measurement must Part Amount of LMC part
Size and form must allow the part to pass thru the boundary be within the specified tolerance Height Form Error Allowed
RULE #1 APPLIED TO AN INTERNAL FEATURE OF SIZE 10.8 (MMC) 0
14.6 10.7 0.1
/// r ? 140 106 0.2
_ 105 - 0.3
/ X 10.4 0.4
/ 10.3 0.5
% 10.2 (LMC) 06
MMC SIZE AND FORM BOUNDARY LMC SIZE LIMIT T
/ @ 14 boundary of 7 — 2 14.6 FIGURE 3-2 Rule #1 Boundary
= ‘L_ perfect form at MMC
i S | A3 In Rule #1, the words “perfect form” mean perfect flatness, straightness,
Z%/ 1 oo _ t circularity, and cylindricity. In other words, if a feature of size is
Z % b:ivitm; ;ﬁg“;;‘;’;ﬁjﬂrﬁ,’f;?;‘n;"e““ produced at MMC, it is required to have perfect form. If a feature of size
e is not at MMC, then a form error is allowed. On a planar FOS (as shown
AL g in Figure 3-2) perfect form refers to perfect flatness and perfect
An example of the effects of Rule #1 on an external and an internal FOS is straightness. If the height of the part in Figure 3-2 was at 10.7, then a
shown in Figure 3-1. form error equal to the amount of departure from MMC (10.8 - 10.7 =
0.1) would be allowed. If the part was produced at LMC, a form error
The form of a FOS is controlled by its limits of size, as described below: equal to the a.mount of dePa““‘e from MMC (0.6) would be permitted.
For example, if the part height was 10.2 (everywhere), the flatness of the
- The surfaces of a feature of size shall not extend beyond a bottom of the block would be limited to 0.6.

boundary (envelope) of perfect form at MMC.

- When the actual local size of a FOS has departed from MMC
toward LMC, the form is allowed to vary by the same amount. IECHNOIE 53 Ruls 4
- The actual local size of an individual feature of size must be within . .
the specified tolerance of size. Ruie'ifi: For features of size, where only a tolerance of size is
- There is no requirement for a boundary of perfect form at LMC. If Specified, the suriaces shall not extend beyond a boundary
a feature of size is produced at LMC, it can vary from true form by (envelope) of perfect form at MMC.
the amount allowed by the MMC boundary.
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How to Override Rule #1

Rule #1 applies whenever a feature of size is specified on a drawing. There A C

are two ways Rule #1 can be overridden: 49 + 1 < 286
26.2

If a straightness control is applied to a feature of size, Rule #1 is h G-

overridden. / \ T B \_ E

If a note such as “PERFECT FORM AT MMC NOT REQUIRED” 32 + 1 [ e e
is specified next to a FOS dimension, it exempts the FOS ? i iy T

dimension from Rule #1.

TECHNOTE 3-2 How to Override Rule #1

8.6
% THRU :
There are two ways to override Rule #1: 8.2 g n;zisﬁsegt'hermse
1. A straightness control applied to a FOS D ’ Alljl angleé +5°
2. A special note applied to a FOS -

FIGURE 3-3 Interrelationship Between Features of Size

There are two exceptions to Rule #1. First, Rule #1 does not apply to a
FOS on a part subject to free-state variation in the unrestrained condition.

Rule #1 Limitation : In simple terms, Rule #1 does not apply to flexible parts that are not re-
A part often contains multiple features of size. Rule #1 does not affect the ' strained. The second exception is that Rule #1 does not apply to stock
location, orientation, or relationship between features of size. Features of sizes, such as bar stock, tubing, sheet metal, or structural shapes. Para-
size shown perpendicular, symmetrical, or coaxial must be controlled for graph 2.7.1.3 in ASME Y14.5M-1994 explains why. It states, “. . . stan-
location or orientation to avoid incomplete drawing specifications. Often, dards for these items govern the surfaces that remain in the as-furnished
implied 90° angles are covered by a general angular tolerance note or by an condition on the finished part.”"

angular tolerance in the drawing titleblock.

In Figure 3-3 there are four features of size, marked A, B, C, & D. Rule #1

applies independently to each FOS. The angles between these features of TECHNOTE 3-4 Rule #1 Exceptions
size (angles E, F, & G) are not controlled by Rule #1.

. There are two exceptions to Rule #1:
For more info. . .

Paragraph 2.7.3 of 1. A FOS on a non-rigid part
Y14.5 shows several TECHNOTE 3-3 Rule #1 Limitation 2. Stock sizes

methods for speci-

fying the relationship Rule #1 does not control the location, orientation, or relationship

between individual between features of size.

features.
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Author's Comment
Theory vs. reality

of inspection: When
inspecting a part
dimension, the
measurements taken
(reality) verify that

the part is as close to
the theoretical
definition as practical.
In most cases, the
method and number
of measurements taken
involve judgment by
the inspector.

Inspecting a Feature of Size

When inspecting a FOS that is controlled by Rule #1, both its size and
form need to be verified. The MMC size and the Rule #1 envelope can be
verified with a Go gage. A Go gage is a gage that is intended to fit into
(for an internal FOS) or fit over (for an external FOS) the FOS. A Go gage
is made to the MMC limit of the FOS and has perfect form. A Go gage can
verify the MMC limit and Rule #1 form envelope of a FOS. To fully verify
the Rule #1 effects, a Go gage must be at least as long as the FOS it is
verifying. Figure 3-4 shows examples of a Go gages for a pin and a hole.

The minimum size (LMC) of a FOS can be measured with a No-Go gage.
A No-Go gage is a gage that is not intended to fit into or over a FOS. A
No-Go gage is made to the LMC limit of the FOS. A No-Go gage makes a
two-point check; a caliper or snap gage could be used as a No-Go gage.
The two-point check is made at various points along the cross section to
insure that the FOS does not violate the LMC limit. Figure 3-4 shows ex-
amples of No-Go gages for a pin and a hole.
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o =

—
oo
M o

40.8
40.2

Go Gage

r Go Gage

(Verifies part diameter does not

exceed MMC size and Rule #1

boundary)

/ |

& 10.8

| [

-

ﬂa MIN——»

Part must pass thru,the gage

No - Go Gage  (Verifies that any two-point

check is equal to or greater

than LMC)

No-Go Gage -7

N— Multiple

checks
as required

(Verifies part diameter
does not violate MMC size
and Rule #1 boundary)

T Part must fit over the gage

Part 2 92

7\ .
4 — Go Gage

a——30.6 MIN——»{

(Verifies that any two-point
check is equal to or less than
LMC)

The No-Go gage could be used at both ends of the
hole. If a check inside the part is needed, a variable
two-point measurement can be made.

FIGURE 3-4 Go Gage and No-Go Gage Examples
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Author's Comment
In past versions of
Y14.5, RFS was

not implied for all
geometric tolerances.
For positional
tolerances, RFS had

to be stated.

Rule #2
Rule #2 is called “the all applicable geometric tolerances rule.”

Rule #2: RFS applies, with respect to the individual tolerance, datum
reference, or both, where no modifying symbol is specified. MMC or
LMC must be specified on the drawing where required.

Certain geometric tolerances always apply RFS and cannot be modified to
MMC or LMC.

Where a geometric tolerance is applied on an RFS basis, the tolerance is
limited to the specified value regardless of the actual size of the feature.

Rule #2a is an alternative practice of Rule #2. Rule #2a states that, for a
tolerance of position, RFS may be specified in feature control frames if
desired and applicable. In this case, the RFS symbol would be the symbol
from the 1982 version of Y14.5. Figure 3-5 shows examples of Rule #2
and Rule #2a.

RULE #2 (New) RFS is the default for tolerance and

datum references (as appropriate)

| b [goz]a]B]c]

RULE #2a (Temp.) For a tolerance of position, RFS may

be stated for the tolerance and datum
references (as appropriate)

(& ]z029[a][e®[cE)]

Symbol for RFS (past practice from Y14.5M-1982)

FIGURE 3-5 Rule #2 and Alternate Rule #2a

INTRODUCTION TO BASIC DIMENSIONS

Basic Dimension

A basic dimension is a numerical value used to describe the theoretically
exact size, true profile, orientation, or location of a feature or gage
information (i.e., datum targets). On engineering drawings there are two
uses for basic dimensions. One is to define the theoretically exact location,
size, orientation, or true profile of a part feature; the other use is to define
gage information (example: datum targets). When a basic dimension is
used to define part features, it provides the nominal location from which
permissible variations are established by geometric tolerances.
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Basic dimensions are usually specified by enclosing the numerical value
in a rectangle (as shown in Figure 3-6) or in a general note, such as,
“Untoleranced dimensions are basic.”

I} fo-—o—e—o1

FIGURE 3-6 Basic Dimension Symbol

In simple terms, a basic dimension locates a geometric tolerance zone or
defines gage information (example: datum targets). When basic dimen-
sions are used to describe part features, they must be accompanied by
geometric tolerances to specify how much tolerance the part feature may
have. A good way to look at this is that the basic dimension only
specifies half the requirement. To complete the specification, a geometric
tolerance must be added to the feature involved with the basic dimension.
Figure 3-7 shows basic dimensions along with their associated geometric
tolerances.

!

O

Author's Comment
Another way to

think about basic
dimensions: the

basic dimension is the
goal, and a geometric
tolerance specifies

the amount of
acceptable variation
from the goal.

+0.1
4+0
©12.24 0.2 THRU 24 o

THRU

(& [go1@]c][FM@[a]

' @ [2oa@ [c[a[e@)]
& e ®|,C,

Llﬂ

J . I@[ i i

' (6]
Doz ] A | ]0.1] 2 surFaces ‘_
80
8] - O 5
028 | |o0s | A

FIGURE 3-7 Basic Dimension Examples
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No geometric control is used on basic dimensions that specify datum tar- INTRODUCTION TO: VIRTUAL CONDITION
gets. When basic dimensions are used to specify datum targets, they are AND BOUNDARY CONDITIONS

considered gage dimensions. Gage-makers’ tolerances (a very small toler-
ance compared to product tolerances) apply to gage dimensions. Figure 3-

. ) Depending upon its function, a FOS is controlled by a size tolerance and
8 shows basic dimensions that locate datum targets. i £k Jude

one or more geometric controls. Various material conditions (MMC,
LMC, or RFS) may also be applied. In each case, consideration must be
given to the collective effects of the size, specified material condition, and

W geometric tolerance of the FOS. The terms that apply to these conditions

are virtual condition, inner boundary, and outer boundary.
' (o]
30 j Tf + H
+ 9,0 T 0
+

77

&
N\
o
Ei
|
|

Definitions
- Virtual condition (VC) is a worst-case boundary generated by the collec-
\B2/ tive effects of a feature of size at MMC or at LMC and the geometric tol-

‘
: erance for that material condition. The VC of a FOS includes effects of the
size, orientation, and locatiop for the FOS. The virtual condition boundary
% % is related to the datums that are referenced in the geometric tolerance used

to determine the VC.

A
. Inner boundary (IB) is a worst-case boundary generated by the smallest
feature of size minus the stated geometric tolerance (and any additional O
tolerance, if applicable).
g Outer boundary (OB) is a worst-case boundary generated by the largest
feature of size plus the stated geometric tolerance (and any additional tol-
FIGURE 3-8 Basic Dimensions Used to Locate Datum Targets erance, if applicable). ‘ Author's Comment

In this text, the term

Worst-case boundary (WCB) is a general term to refer to the extreme Oml;essz?jugg ?fl{er:al
TECHNOTE 3-5 Basic Dimensions boundary of a FOS that is the worst-case for assembly. Depending upon | features of size, and
the part dimensioning, a worst-case boundary can be a virtual condition, | the term “outer
Basic dimensions. . . inner boundary, or outer boundary. boundary” is only
. : . used on external
- can be used to define the theoretically exact location, features of size.
orientation, or true profile of part features or gage information. Feature of Size Boundary Conditions
- that define part features must be accompanied by a geometric If there are no geometric controls applied to a FOS, the WCB is the outer
tolerance. or inner boundary. The outer or inner boundary is equal to the MMC
- that define gage information do not have a tolerance shown on boundary as defined by Rule #1. See Figure 3-9.
the print.
For more info. . . - are theoretically exact (but gage-makers’ tolerances do apply). External FOS Internal FOS
To learn about |
implied basic 108 10.8
g‘llgfnsmns’ Seepage | Titleblock tolerances do not apply to basic dimensions. Sometimes basic r ? 102 ﬂ "* 102
dimensions are used to define a part feature, and the geometric tolerance [ 11— :
for the basic dimensions is unintentionally left off the drawing. The draw- 0 | [T
ing user is tempted to apply the tolerance from the general tolerances |
specified in the titleblock. This is not correct. Basic dimensions must get OB = & 10.8 : IB =10.2

their tolerances from a geometric tolerance or i
g from a SpeCIal note. FIGURE 3-9 Worst-Case Boundary When no Geometric Tolerances are Specified
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In the case of an external FOS such as a pin or a shaft, the VC (or WCB) is

A Feature control frame applied to a feature B Feature control frame applied to a FOS determined by the following formula:
1
|
= %) 1%2 VC = MMC + Geometric Tol
: [—lz002 @] . .
In the case of an internal FOS, such as a hole, the VC (or WCB) is deter-
_——*—Qﬁ I mined by the following formula:
127 : _ hd i
@ 12 VC = MMC - Geometric Tol
| ; s ;
WCB = OB = @127 : WCE = OB = @12.72 The virtual condition of an exten:al FOS (at MI\/,I’C) I8 & constant value,
and can also be referred to as the “outer boundary” or “worst-case bound-
FIGURE 3-10 Feature Control Frame Placement ary” in assembly calculations. The virtual condition of an internal FOS (at

MMQC) is a constant value and can also be referred to as the “inner bound-
ary” or “worst-case boundary” in assembly calculations. Figure 3-11
shows examples of virtual condition calculations (at MMC).

Whether a geometric control is applied to a feature, a surface, or a FOS (an
axis or centerplane) can be determined by the location of the feature con-
trol frame on the drawing. When a feature control frame is associated with
a surface, it applies to the feature. See Figure 3-10A. When a feature con-

trol frame is associated with a FOS dimension, or placed beneath or be- Expsrusl FOS
hind the FOS dimension, it applies to the FOS. See Figure 3-10B. If a This Lrawitg
feature control frame is applied to a FOS, then the WCB is affected. gi2s

4—‘ @ 0.3 tol zone at MMC
! r— @ 12.9 virtual condition
j / (Outer boundary)

90°"" !

Datum Plane A Ve

!

TECHNOTE 3-6 Worst-Case Boundory (WCB)
If a feature control frame is applied to a feature (a surface), it does

|
not affect its WCB. If a feature control frame is applied to a FOS (an !
axis or centerplane), it does affect its WCB. i

Internal FOS
p—
- — 4 0.3 tol zone at MMC
MMC Virtual Condition %135 " +— @ 129 vitua condiion
. . . . P nner boundal
When a geometric tolerance that contains an MMC modifier in the toler- | / ( i
ance portion of the feature control frame is applied to a FOS, the virtual // " % / 2/ %
3 . : : A e N7
condition (worst-case boundary) of the FOS is affected. The virtual condi- } z P
tion (or WCB) is the extreme boundary that represents the worst-case for Datum Plane A . ve = qu:mgcz Tl

functional requirements, such as clearance or assembly with a mating part.

FIGURE 3-11 MMC Virtual Condition Examples
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LMC Virtual Condition

When a geometric tolerance that contains an LMC modifier in the toler-
ance portion of the feature control frame is applied to a FOS, the virtual
condition of the FOS is affected. The virtual condition is the extreme
boundary that represents the worst case for functional requirements, such
as wall thickness, alignment, or minimum machine stock on a part.

In the case of an external FOS, such as a pin or a shaft, the VC is deter-
mined by the following formula:

VC = LMC - Geometric Tol

In the case of an internal FOS, such as a hole, the VC is determined by the
following formula:

VC = LMC + Geometric Tol

The virtual condition of an external FOS (at LMC) is always a constant
value and can also be referred to as the “inner boundary” in calculations.
The virtual condition of an internal FOS (at LMC) is always a constant
boundary and can also be referred to as the “outer boundary” in calcula-

tions. Figure 3-12 shows examples of virtual condition calculations (at
LMC).

External FOS
This Drawi

126
@422

a-I @ 0.3 tol zone at LMC
| @ 11.9 virtual condition
90° - (Inner boundary)

VC
?11.9

LMC - Tol
@122 - 03

Datum Plane A \vcg = MMC + Tol + Bonus
@133 = @126 + 03 + 0.4

Internal FOS
I - [=— 3 0.3 tol zone at LMC
133 : = || 1~ o 139 vintual condition
7 [ 7 7 7
/A%// i/ // / % VC = LMC + Tol
Wi
1

T @139 = @136 + 0.3
!
Datum Plane A WCB = MMC - Tol - Bonus
| @125 = ©132 -03 - 04

FIGURE 3-12 LMC Virtual Condition Examples
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RFS Inner and Outer Boundary

When a geometric tolerance that contains no modifiers (RFS default per
Rule #2) in the tolerance portion of the feature control frame is applied to
a FOS, the inner or outer boundary (or worst-case boundary) of the FOS is
affected. On an external FOS, the term “outer boundary” or “worst-case
boundary” is used. Outer boundary (OB) for an external FOS is the worst-
case boundary generated by the largest feature (MMC) plus the geometric
tolerance. On an internal FOS, the term “inner boundary” is used. Inner
boundary (IB) for an internal FOS is the smallest feature (MMC) minus
the geometric tolerance.

In the case of an external FOS, such as a pin or a shaft, the OB (or WCB)
is determined by the following formula:

OB = MMC + Geometric Tol

In the case of an internal FOS, such as a hole, the IB (or WCB) is deter-
mined by the following formula:

IB = MMC - Geometric Tol

Figure 3-13 shows examples of outer and inner boundary calculations
(RFS). '

External FOS

’I @ 0.3 tol zone at MMC
ty @ 12.9 outer boundary
A

Datum Plane A

L [z03]a]

WCB = OB = MMC + Tol
@129 = @126 + 0.3

Internal FOS
This Drawi
-»{ =— 5 0.3 tol zone at MMC
- @ 1%2 90° f+— @ 12.9 inner boundary
| [Llews[a] / j
7 7 % 1

1
L i WCB = IB MMC - Tol
Datum Piane A 2129 = 132 - 0.3

FIGURE 3-13 RFS Inner and Outer Boundary Examples

61




Chapter 3 - Rules and Concepts of GD&T
RS SN I T A DT DL I il el

Worst-Case Boundary Formulas

The worst-case boundary formulas can become difficult to remember with
all the different part specifications possible. Figure 3-14 is a chart that
shows the proper formula for a given part specification.

Part FOS The worst case boundary
Specification Type (WCB) is equal to...

FOS with no Internal IB = MMC

GD&T specified

External OB = MMC

FOS with GD&T Internal IB = MMC - Tol*

specified at RFS External OB = MMC + Tol*

FOS with GD&T Internal VC=IB = MMC - Tol*
specified at MMC

External VC=0B = MMC + Tol*

FOS with GD&T Internal IB = MMC - Tol* - Bonus

specified at LMC Extsmai OB = MMC + Tol* + Bonus

*

Tol represents the geometric control tolerance value

FIGURE 3-14 WCB Formula Chart

Multiple Virtual Conditions

On complex industrial drawings, it is common to have multiple geometric
controls applied to a FOS. When this happens, the feature of size may
have several virtual conditions. Figure 3-15 shows an example of a FOS
with two virtual conditions. Panel A shows the size tolerance requirements
of Rule #1. Panel B shows the virtual condition that results from the per-
pendicularity control. This control produces a 10.3 dia. boundary relative
to datum plane A. Panel C shows the virtual condition that results from the
positional control. This control produces a 10.4 dia. boundary relative to
datums A, B, & C. When a geometric tolerance is applied to a FOS—other
than a straightness control—the requirements of Rule #1 still apply.
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@ 135
& [go2@|als]c]|
| [eoi@]A]
- |
Y
o—1*+ [ =
A "\ @ 10.2 This diameter must pass

s/ 9.8 thrua @ 10.2 envelope per

Rule #1, and the actual local
size must be greater than 9.8.

Size tolerance

requirements { !/

of Rule #1 i [ /s
I

Virtual condition boundary

Perpendicularity relative to datum A

control requirements

c ’-'—"— @ 10.4 Virtual condition boundary
Positional control ! ! relative to datums A, B, C
requirements il
@ pa@[ale]c] |||

FIGURE 3-15 Multiple Virtual Conditions

TECHNOTE 3-7 Virtual Condition Facts
Three important points about virtual condition are:

1. A virtual condition boundary (or WCB) is a constant value.
- 2, When a geometric tolerance is applied to a FOS, and the
virtual condition is calculated, the size tolerance require-
ments still apply.

3. A FOS may have several virtual conditions.
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Author's Comment
The MMC modifier is
frequently used when
the function of the
FOS is assembly.
When the function is
assembly, the worst-
case is when the FOS
is at MMC with the
full tolerance applied,
or—in other words—
at its virtual condition.
Since the fixed gage is
made to the virtual
I condition,

it represents the worst-
case mating part.
Therefore, if the part
fits the gage, it will fit
the mating part. The
bonus concept works
because the gage is
fixed, and when the
part departs from
MMUC, it can have
more tolerance and
still fit in the gage.

For more info. .
To learn about
functional (fixed)
gages, see page 235.

INTRODUCTION TO BONUS TOLERANCE

Bonus tolerance is an important concept in dimensioning parts. Bonus
tolerances can reduce manufacturing costs significantly. This section is an
introduction to the bonus tolerance concept.

Definition

Bonus tolerance is an additional tolerance for a geometric control.
Whenever a geometric tolerance is applied to a FOS, and it contains an
MMC (or LMC) modifier in the tolerance portion of the feature control
frame, a bonus tolerance is permissible. This section introduces bonus
tolerance based on the MMC modifier. When the MMC modifier is used
in the tolerance portion of the feature control frame, it means that the
stated tolerance applies when the FOS is at its maximum material condi-
tion. When the actual mating size of the FOS departs from MMC (towards
LMC), an increase in the stated tolerance—equal to the amount of the
departure—is permitted. This increase, or extra tolerance, is called the
bonus tolerance. Figure 3-16 shows how bonus tolerance is calculated in a
straightness application. When the MMC modifier is used, it means that
the geometric characteristic can be verified with a fixed gage.

A functional gage is a gage that is built to a fixed dimension (the virtual
condition) of a part feature. A part must fit into (or onto) the gage. A
functional gage does not provide a dimensional measurement; it only
indicates if the part is or is not to the print specification.

In Figure 3-16, the functional gage is designed to the virtual condition
(2.7) of the FOS. Since the gage opening is constant, the thinner the
washer becomes, the more straightness tolerance it could have and still
pass through the gage.

Drawing 25 ! Interpretation
2.0 |
= | = - — gage opening
1
|
: - 0.2 bow at
J MMC
Feature | Straightness | Benus Total
AME Toleranos Tolerance | Tolsrance
NOTE: 2.5 MMC 0.2 0.0 0.2
Maximum bonus occurs 24 9.2 o1 03
23 0.2 0.2 0.4
22 0.2 0.3 0.5
21 0.2 0.4 086
2.0LMC 0.2 0.5 0.7

FIGURE 3-16 Bonus Tolerance Examples
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Although a straightness control is used for the example in Figure 3-16, the
bonus tolerance concept applies to any geometric control that uses the
MMC (or LMC) modifier in the tolerance portion of the feature control
frame.

TECHNOTE 3-8 Bonus Tolerance

- Bonus tolerance is an additional tolerance for a geometric
control.

- Bonus tolerance is only permissible when an MMC (or LMC)
modifier is shown in the tolerance portion of a feature control
frame.

- Bonus tolerance comes from the FOS tolerance.

- Bonus tolerance is the amount the actual mating size departs
from MMC (or LMC).

Figure 3-17 shows how to determine the amount of bonus tolerance per-
missible in an application. The MMC muodifier in the tolerance portion of
the feature control frame denotes that a bonus tolerance is permissible. The
maximum amount of bonus tolerance permissible is equal to the difference
between the MMC and the LMC of the toleranced FOS.

2 0 max bonus
10 Denotes a bonus tolerance
i is permissible
0.6 max bonus
6 0]/

l$l®0-2®|AIBJCI

Denotes a bonus tolerance
----- is permissible

|

4 The max bonus tolerance is the difference between

@ 12'8}/ MMQC and LMC of the toleranced FOS = 0.8
[&[z02@[A[B]C]

Denotes a bonus tolerance is permissible

FIGURE 3-17 Bonus Tolerance
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Author’'s Comment
On an external FOS,
if the AME is larger
than the MMC, no
bonus tolerance is
available. On an
internal FOS, if the
AME is smaller than
the MMC, no bonus
tolerance is available.
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VOCABULARY LIST QUESTIONS AND PROBLEMS

New Terms Introduced in this Chapter 1. Write the definition of Rule #1.

Basic dimension

Study Tip Bonus tolerance
Read each term. If Go gage i :
s : 2. Listtwow 0 overri .
you don’t know its Tnner boundary (IB) 0 ways t de Rule #1
meaning, look it up in
the chapter.

No-Go gage

Outer boundary (OB)
Rule #1

Rule #2 3. On the drawing bel ircle the di i

e ol I g below, circle the dimensions that are controlled by Rule #1.

Worst-case boundary (WCB)

42
™ Zap 16.4
o .
5ol le_36 ”16.2

S 5 = 10
................ Y=L

1 | e \ 70

: | t
ADDITIONAL RELATED TOPICS R3

m Topic ASM E Y1 4.5M-1994 UNLESS OTHERWISE SPECIFIED ALL DIMENSIONS £0.5

UNLESS OTHERWISE SPECIFIED ALL ANGLES 15°

Reference

Author's Comment

These topics, plus s Reuultast sonditicn Paragraph 1.3.23 4. Fill in the value of the outer boundary as established by Rule #1.

advanced coverage of

many of the topics

introduced in this text, | ® Screw thread default Paragraph 2.9

will be covered in my 528 %) 20.4

new book on . g e o 20.1

advanced GD&T e Gear and spline default Paragraph 2.10 52.2

concepts.
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8. When inspecting a FOS controlled by Rule #1, two checks are required. Describe how each
_y 13:3 THRU check could be done.
— a. MMC size + Rule #1 envelope
b. LMC size
% o 9. Write the definition of Rule #2.
B [
B A v
.
5. On the drawing above, fill in the value of the inner boundary as established by Rule #1. 10. A basic dimension is
30.4 ; ;
[ ] 11. Two uses for basic dimensions are:
v ]
™ 124 ;
12.2 12. Virtual condition is

13. Bonus tolerance is

6. On the drawing above, the angle marked “A” is an implied 90° angle (Rule #1 applies to both

features of size). If the part was produced at MMC, what would control the tolerance on 14. Inner boundary is
angle A?

15. Outer boundary is

Iif dimension A | The allowable form

was error on surface B is
T 12.8 16. Worst-case boundary is
122 A 12.7
i 12.6

B 12.4

12.3

12.2

7. Fill in the chart using the drawing above.
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17. Use the drawing to fill in the chart below.

v E
@ ::g THRU ‘/F

(@ z02@[A]8]

B« (2]
6211
VARXIE) ¥
K 7| 005
A L] o Al“'—-D

#38 ot

Use N/A for not applicable

If a FOS dimension is identified,

If a feature control frame is identified,

Letter identifies a. . . Rule #1 applies
Feature

Letter  'ros . |nonFos  |Goo | ves | wo
Dimension | Dimension | Frame

VC, OB, or IB
is...

itappliestoa. ..

The amount of
bonus tolerance

Featwe | FOS | permissibleis. ..

—IRx [~ T |®»mmO 0| |
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INTRODUCTION

This chapter explains the concepts involved in deﬁning. the fo_rm of a p:a.l't
surface. Form controls limit the flatness, straightness, circularity, or cylin-
dricity of part surfaces. Form is a characteristic that limits the shjape error
of a part surface (or in some cases, an axis or cegtcmlme) relative to its
perfect counterpart. For example, a form characteristic of a plan'ar surface
is flatness. Flatness defines how much a surface can vary from its perfect
plane.

Cylindrical surfaces can have three different form characteristics: strajg}rlt-
ness, circularity, and cylindricity. Straightness defines how much a line
element can vary from a straight line. Circularity defines how mu_ch circu-
lar elements can vary from a perfect circle, and cylindricity defines how
much a surface can vary from a perfect cylinder. Form controls are used to
define the shape of a feature in relation to itself; therefore, they never use a
datum reference. The four form controls, their symbols, and examples are
shown in Figure 4-1.

7 Flatness — Straightness O Circularity AY Cylindricity
i I 1
| 1 L}
| E 1 13 i
Perfect flat ! Perfect straight ! Perfect I Pcal!-r:c_t .
planar surface line element circularity cylindricity
| 1 i
| | | :
| ; | 1 i a
rf: ith ! Line element with | Circular | Cy!m er wi
g:m:‘;: :nor straightness arror element with cylindricity error
‘ circularity
error
I | I

FIGURE 4-1 Form Controls

CHAPTER GOALS AND OBJECTIVES

There are Four Goals in this Chapter:
4-1. Interpret the flatness control.

4-2. Interpret the straightness control.

4-3. Interpret the circularity control.

4-4. Interpret the cylindricity control.

i
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Performance Objectives that Demonstrate Mastery of
These Goals

Upon completion of this chapter, each student should be able to:

Goal 4-1 (pp. 74-78)
- Describe what flatness is.
- Describe the tolerance zone for a flatness control.
- Describe how Rule #1 provides an indirect flatness control.
- Determine if a flatness specification is legal.
- Describe how the reference plane is established for flatness.
- Describe how a flatness control can be inspected.

Goal 4-2 (pp. 79-88)

- Describe what straightness is.

- Describe the tolerance zone for a straightness control.

- Describe how Rule #1 provides an indirect straightness control.

- Determine if a straightness specification is legal.

- Describe one method of inspecting straightness applied to a surface.

- Determine if a straightness control is applied to a surface or a FOS.

- Explain how Rule #1 provides an indirect straightness control for a
FOS.

- Describe the virtual condition of a FOS with a straightness control
applied to its size dimension.

- Calculate the amount of bonus in straightness at MMC applications.

- Draw the gage for a straightness at MMC application.

Goal 4-3 (pp. 89-93)
- Describe circularity.
Describe the tolerance zone for a circularity control.
Describe how Rule #1 provides an indirect circularity control.
Determine if a circularity specification is legal.
Describe how a circularity control can be inspected.

Goal 4-4 (pp. 94-98)
- Describe cylindricity.
- Describe the tolerance zone for cylindricity.
- Describe how Rule #1 provides an indirect cylindricity control.
- Determine if a cylindricity specification is legal.
- Describe how a cylindricity control can be inspected.

Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.
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For more info. . .
See Paragraph 6.4.2 of
Y14.5.

FLATNESS CONTROL

Definition

Flatness is the condition of a surface having all of its elements in one
plane. A flatness control is a geometric tolerance that limits the amount of
flatness error a surface is allowed. The tolerance zone for a flatness control
is three-dimensional. It consists of two parallel planes within which all the
surface elements must lie. The distance between the parallel planes is
equal to the flatness control tolerance value. Flatness (as well as other
form controls) is measured by comparing a surface to its own true
counterpart. In the case of flatness, the first plane of the tolerance zone (a
theoretical reference plane) is established by contacting the three high
points of the controlled surface. The second plane of the tolerance zone is
parallel to the first plane and offset by the flatness tolerance value. All the
points of the controlled surface must lie within the tolerance zone. An
example of a flatness tolerance zone is shown in Figure 4-2.

Two parallel planes
g 0.2 apart

Surface plate

FIGURE 4-2 Flatness Tolerance Zone

A flatness control is always applied to a planar surface. Therefore, a
flatness control can never use an MMC or LMC modifier. These modifiers
can only be used when a geometric control is applied to a feature of size.
Also, flatness cannot override Rule #1. Flatness is a separate requirement
and verified separately from the size tolerance and Rule #1 requirements.

TECHNOTE 4-1 Flatness Tolerance Zone

A flatness control tolerance zone is two parallel planes spaced apart
by the flatness tolerance value. The first plane of the tolerance zone
is established by contacting the three high points of the toleranced
surface.
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Rule #1's Effects on Flatness

Whenever Rule #1 applies to a feature of size that consists of two parallel
planes (ie. tab or slot), an automatic indirect flatness control exists for both
surfaces. This indirect control is a result of the interrelationship between
Rule #1 (perfect form at MMC) and the size dimension. When the feature
of size is at MMC, both surfaces must be perfectly flat. As the feature
departs from MMC, a flatness error equal to the amount of the departure is
allowed. Since Rule #1 provides an automatic indirect flatness control, a
flatness control should not be used unless it is a refinement of the
dimensional limits of the surface. Figure 4-3 shows an example of the
effects of Rule #1 on flatness.

106 MMC part would have to
be perfectly flat on both
l sides

0.4 flatness

LMC part could have 0.4
10.6 MMC flatness error on both
boundary sides

0.4 flatness
error

FIGURE 4-3 Rule #1 as an Indirect Flatness Control

TECHNOTE 4-2 Rule #1's Effects on Flatness

Whenever Rule #1 applies to a planar FOS. . .
- It provides an automatic indirect flatness control for both
surfaces.

i)

Design Tip
Rule #1 is an indirect
form control. Flatness
effects of Rule #1 are
not inspected; they
are a result of the
boundary and size
limitations. If it is
desired to have the
flatness of a surface
inspected, a flatness
control should be
specified.
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Design Tip
Whenever a flatness
control is specified on
a surface of a planar
FOS, its tolerance
value must be less

than the FOS
dimension tolerance.

Flatness Control Application .
Some examples of when a designer uses a flatness control on a drawing
are to provide a flat surface:

- For a gasket or seal
- To attach a mating part
- For better contact with a datum plane

When these types of applications are involved, the indirect flatness control
that results from Rule #1 is often not sufficient to satisfy the functional
requirements of the part surface. This is when a flatness control is
specified on a drawing. Figure 4-4 shows an application of a flatness
control.

105 Each two-point measurement must be

10.5 within the dimensional limits

The part must be within a 10.6 boundary

All of the surface elements must be
_[ 0.2  within two parallel planes 0.2 apart

T

FIGURE 4-4 Flatness Control Application

In this flatness application, three separate part requirements must be
verified: the size tolerance, the Rule #l boundary, and the flatness
requirements. The flatness control applies to the bottom of this part. The
flatness of the top surface is controlled by the Rule #1 effects.
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Indirect Flatness Controls

There are several geometric controls that can indirectly affect the flatness
of a surface; they are Rule #1, perpendicularity, parallelism, angularity,
total runout, and profile of a surface. When any of these controls are used
on a surface, they also limit the flatness of the surface. However, indirect
form controls are not inspected. If it is desired to have the flatness of a
surface inspected, a flatness control should be specified on the drawing. If
a flatness control is specified, its tolerance value must be less than the
tolerance value of any indirect flatness controls that affect the surface.

Legal Specification Test for a Flatness Control
For a flatness control to be a legal specification, it must satisfy the
following conditions:

- No datum references can be specified in the feature control frame.

- No modifiers can be specified in the feature control frame.

- The control must be applied to a planar surface.

- The flatness control tolerance value must be less than any other
geometric control that limits the flatness of the surface.

- The flatness control tolerance value must be less than the size
tolerance associated with the surface.

Figure 4-5 shows a legal specification flowchart for a flatness control.

QUESTIONS

® Is a datum reference
specified?

® Are any of the following
modifiers specified?
2 W O0.E.0M

@ Is the control applied to a

planar surface? This is an

ILLEGAL
specification of
a flatness
control.

@ Is the tolerance value a
refinement of other geometric
tolerances that control the
flatness of the surface?

(e.g. Rule#1, L / <,
2 o)

This is a LEGAL
specification of a flatness
control.

FIGURE 4-5 Legal Specification Flowchart for Flatness
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Inspecting Flatness

Figure 4-4 shows a part with a flatness specification. When inspecting this
part, three separate parameters must be checked: the size, the Rule #1
boundary, and the flatness requirement.

A
Surface plate with small hole

Dial indicator mounted to the
surface plate

—[~ Flatness tolerance zone
1 B The indicator reading is the
flatness error of the surface

FIGURE 4-6 Inspecting Flatness
The flatness control could be inspected as follows:

Establish the first plane of the tolerance zone by placing the part surface
on a surface plate that has a small hole (see Figure 4-6A). The surface plate
becomes the true counterpart of the controlled feature (or one plane of the
flatness tolerance zone). A dial indicator is set in the small hole as shown
in Figure 4-6B. The tip of the dial indicator traces a path across the entire
part surface (see Figure 4-6C). The dial indicator measures the distance
between the true counterpart of the controlled feature and the low points of
the surface, then the part is moved over the hole at random. If the FIM
(full indicator movement) is larger than the flatness tolerance value at any
point on the path, then the surface flatness is not within its specification.
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STRAIGHTNESS AS A SURFACE ELEMENT
CONTROL

Definition

Straightness of a line element is the condition where each line element (or
axis or centerplane) is a straight line. A straightness control directed to a
surface is a geometric tolerance that limits the amount of straightness
error allowed in each surface line element. The tolerance zone for a
straightness control (as a surface line element control) is two-dimensional;
it consists of two parallel lines for each line element of the surface. The
distance between the parallel lines is equal to the straightness tolerance
value. The first line element of the tolerance zone is established by the two
high points of a line element of a surface. The second line element of the
tolerance zone is parallel to the first line element and offset by the
straightness tolerance value. A straightness tolerance zone may be located
anywhere between the dimensional limits of the surface. All the points of
each controlled line element must lie within the tolerance zone.

When straightness is applied to surface elements, the MMC or LMC
modifiers are not used. An example of straightness as a surface line
element’s control is shown in Figure 4-7.

Tolerance zone
2 parallel lines 0.05 apart

The straightness
control does not affect
the form of the line
element in this view

FIGURE 4-7 Straightness of a Surface Line Element

T£CHNOTE 4-3 Stmlghiness of a Line Element

The talerance zone for a straightness control applied to surface
clemf;nts 1s two parallel lines spaced apart a distance equal to the
sn'mghmess tolerance value

For more info. . .
See Paragraph 6.4.1
of Y14.5.
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Design Tip
Rule #1 is an indirect
form control. Surface
straightness effects of
Rule #1 are not
inspected; they are a
result of the boundary
and size limitations.
If it is desired to
have the straightness
of surface elements
inspected, a
straightness control
should be specified.

In Figure 4-7, the straightness control is applied to the surface element of
the pin. When straightness is applied as a surface element control, the
following conditions apply:

- The tolerance zone applies to the surface elements.

- The tolerance zone is two parallel lines.

- Rule #1 applies.

- The outer/inner boundary is not affected.

- No modifiers may be specified.

- The tolerance value specified must be less than the size tolerance.

Rule #1’s Effects on Surface Straightness

Whenever Rule #1 is in effect, an automatic indirect straightness control
exists for the surface line elements. This indirect control is a result of the
interrelationship between Rule #1 and the size dimension. When the
feature of size is at MMC, the line elements must be perfectly straight. As
the FOS departs from MMC, a straightness error equal to the amount of
the departure is allowed (see Figure 4-8). Since Rule #1 provides an
automatic indirect straightness control, a straightness control should not be
used unless its tolerance value is less than the total size tolerance. Figure
4-8 shows an example of the effects of Rule #1 on straightness.

Tolerance zone
— @ 10.6 max 2 parallel lines 0.2 apart

e Y

FIGURE 4-8 Indirect Surface Straightness that Results from Rule #1

TECHNOTE 4-4 Rule #V’s Effects on Straightness

Whenever Rule #1 applies to a FOS:
- It provides an automatic indirect straightness control for its
surface elements.
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Legal Specification Test for a Straightness Control
Applied to Surface Elements

For a straightness control applied to surface elements to be a legal specifi-
cation, it must satisfy the following conditions:

- No datum references can be specified in the feature control frame.

- The control must be directed to the surface elements.

- No modifiers can be specified in the feature control frame.

- The straightness control must be applied in the view where the con
trolled elements are shown as a line.

- The tolerance value specified must be less than any other geometric
controls that limit the form of the surface.

- The tolerance value specified must be less than the size tolerance.

Figure 4-9 shows a legal specification flowchart for a straightness control
applied to surface elements.

QUESTIONS

(D Is a datum reference
specified?

® Is the control applied to a
surface element?

L

This is an
ILLEGAL
specification of
a straightness
control.

® Is the control applied in the
view where the controlled
elements are shown as a
straight line?

@ Are any of the following
modifiers specified?

CAOROEGRD)

® Is the tolerance value a
refinement of other geometric
tolerances that control the
straightness of the feature?
(e.g.,Rule#1, L, # =<, &,
2% M, DY)

This is a LEGAL
specification of a
straightness control.

FIGURE 4-9 Legal Specification Flowchart for Straightness Applied to Surface Elements
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Verifying Straightness Applied to Surface Elements
Figure 4-10A shows a part with a straightness specification. When in-
specting this part, several separate parameters must be checked: the size of
the FOS, the Rule #1 boundary, and the straightness requirement. Chapter
2 discussed how to check the size and Rule #1 boundary; now we will look
at how to inspect the straightness specification.

A straightness control could be inspected as follows:

Establish the first line of the tolerance zone by placing the part surface on
a surface plate (see Figure 4-10). The surface plate becomes the true
counterpart. Using a gage wire with a diameter equal to the straightness
tolerance value, check the distance between the true counterpart and the
low points of the line element of the part surface. If the gage wire will not
fit between the part and the surface plate, the straightness error of the line
element is less than the allowable value. If, at any point along the part, the
wire does fit into the space between the part and surface plate, line element
straightness is not within its specifications.

!
1
A /
10.6
— 2 10.0 /

/ Surface plate

FIGURE 4-10 How Straightness Can be Verified
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STRAIGHTNESS AS AN AXIS OR
CENTERPLANE CONTROL

How to Determine When a Straightness Control
Applies to a FOS

A straightness control is the only form control that can be applied to either
a surface or a feature of size. The interpretation of a straightness control
applied to a FOS is significantly different from a straightness control ap-
plied to a surface. When a straightness control is applied to a FOS, the
following conditions apply:

- The tolerance zone applies to the axis or centerplane of the FOS.

- Rule #1 1s overridden.

- The virtual condition or puter/inner boundary of the FOS is affected.
- The MMC or LMC modifiers may be used.

- The tolerance value specified may be greater than the size tolerance.

You can tell if a straightness control is applied to a feature or to a FOS by
the location of the feature control frame on the drawing. In Figure 4-11A4,
the straightness control is located so that it is directed to the pin surface.
The pin surface is a feature; therefore, the symbol applies to the (feature)
surface elements of the pin. In Figtire 4-11B, the straightness control is lo-
cated so that it is related to a FOS dimension. In this case, the symbol ap-
plies to a FOS.

A 2
. 2132

' |—[#002 |
|

S — *._&, 1 e .___¢__

12.7 |
D 122 |

Feature control frame

F_eature control frame ! associated with a feature of
directed to a surface I

| size dimension

FIGURE 4-11 Determining When a Straightness Control is Applied to a FOS

TECHNOTE 4-5 Straightness of a FOS

‘Whenever a straightness control is associated with a FOS dimen-

sion, it applies to the axis or centerplane of the FOS.
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O
]

Author's Comment
‘When straightness is
applied to a FOS, it is
most often used with
the MMC modifier.
Therefore, all the
examples in this
section will use the
MMC modifier.

Definition of Straightness as an Axis/Centerplane

Control

Straightness of an axis is the condition where an axis is a straight line.
Straightness of a centerplane is the condition where each line element is a
straight line. A straightness control applied to a FOS is a geometric
tolerance that limits the amount of straightness error allowed in the axis or
centerplane. When a straightness control is applied to a diameter, a
diameter symbol modifier is shown in the tolerance portion of the feature
control frame, and the tolerance zone is a cylinder. The diameter of the
cylinder is equal to the straightness tolerance value. The axis of the FOS
must lie within the cylindrical tolerance zone. When a straightness control
is applied to a planar FOS, the tolerance zone is two parallel planes. Each
line element of the centerplane must lie within the tolerance zone. For an
example, see figure 3-16 on page 64.

When a straightness control is applied to a FOS, it can be specified at RFS
(by default), at MMC, or at LMC. Remember, RFS is automatic when no
modifier is shown.

TECHNOTE 4-6 Straighiness of a FOS

Whenever a straightness control is associated with the size dimen-
sion of a FOS, the following conditions apply:

- The tolerance zone applies to the axis or centerplane.

- Rule #1 is overridden.

- The virtual condition (outer or inner boundary) is affected.

- MMC or LMC modifiers may be specified.

- The tolerance value may be greater than the specified size
tolerance.

Rule #1's Effects on Straightness of a FOS

Whenever Rule #1 applies to a FOS, an automatic straightness control ex-
ists for the axis (or centerplane) of the FOS. This automatic control is a re-
sult of the interrelationship between Rule #1 and the size dimension.
When the FOS is at MMC, the axis (or centerplane) must be perfectly
straight. As the FOS departs from MMC, a straightness error equal to the
amount of the departure is allowed. Figure 4-12 shows an example of Rule
#1’s effects on the axis of a FOS. If the straightness provided by Rule #1 is
sufficient for the application, there is no need to add a straightness control.
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Drawing
06
16.
"Jf“ T - z 16.0
¥
Meaning
¥
I, @ 16.6 MMC
[ Straightness — Pin diameter \ Boundary
tolerance zone established
diameter by Rule #1
Straightness
Pin diameter tolerance zone
diameter
16.6 0.0 erfect form at MMC
16.4 0.2
16.2 0.4

FIGURE 4-12 Rule #1’s Effects on Axis Straightness

4

TECHNOTE 4-7 Rule #71’s Effects on Straighiness of a FOS

Whenever Rule #1 applies to a FOS. . .
- It provides an automatic straightness control for the axis or

centerplane.

Straightness at MMC Application

A common reason for applying a straightness control at MMC to a FOS on
a drawing is to insure the function of assembly. Whenever the MMC
modifier is used in a straightness control, it means the stated tolerance
applies when the FOS is produced at MMC. An important benefit becomes
available when straightness is applied at MMC: extra tolerance is permis-
sible. As the FOS departs from MMC towards LMC, a bonus tolerance
becomes available. An example is shown in Figure 4-13.

TECHNOTE 4-8 Stroightness Effects of Rule #1

Straightness is the only geometric control that can override Rule #1.
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For more info. . .
Y 14.5 provides a
method of adding a
note to override Rule
#1. See Paragraph
272
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may affect the straightness of an axis or centerplane of a FOS.
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CRaTG 510 Lega_l Specification Test for Straightness
/ Applied to a FOS
For a straightness control applied to a FOS to be a legal specification, it
= = must satisfy the following conditions:
e e e - No datum references can be specified in the feature control frame.
Meaning Vitss condition = 2158 - The control must be associated with a feature of size dimension.
1 - If applied to a cylindrical FOS, a diameter symbol should be speci-
- = fied in the tolerance portion of the feature control frame.
T _ - The control can not contain the projected tolerance zone or tangent
Pin diameter Straightness .
s toleance zone plane modifier.
ixed gage iameter 3
- The tolerance value should be a refinement of other geometric toler-
PinDiamater | StaSNness | Borus | (roncdg s ances that control the straightness of the feature.
aabads erance | diameter
16.6 MMC 0.2 0.0 02
16.4 02 02 04 Figure 4-14 shows a legal specification flowchart for straightness applied
16.2 0.2 0.4 0.6 | ' FOS o
FIGURE 4-13 Straightness at MMC Application
Whenever a straightness control is applied to a FOS at MMC, the follow-
ing conditions apply: QUESTIONS
- The FOS must also be within its size tolerance. @ lssngt?;:rg HefBrence ’ Yes
, - The straightness control specifies a tolerance zone within which the
E axis or centerplane must lie. No
- Rule #1 is overridden.
A B . .. ® Is the control applied to a Planar Cylindrical
: - onus tolerance is permissible. planar o cylindrical FOS? r
: - The virtual condition of the FOS is affected. T
‘ - A fixed gage may be used to verify the straightness. s;:tgfaﬁtn
@ Is a diameter symbol ofa
An example of straightness applied to a centerplane is shown in Figure :ﬁi?;ﬁegf';??ezﬁr:"ce sipain s
3-16. control frame? )
No Yes
_ @ Are any of the following
TECHNOTE 4-9 Straightness of a FOS at MMC n&%diﬁg specified? @ Yo
@®.
Whenever straightness is applied to a FOS at MMC, a bonus toler- (5 1 soatarics valiie & No
ance is permissible. refinement of other
geometric tolerances that ® No
control the straightness of
the FOS? g
Indirect Straightness Controls (eg. 4. 2. O, L) i
There are several geometric controls which can indirectly affect the This is a LEGAL specification of a
straightness of an axis or centerplane. They are cylindricity, total runout, siraighineas canteol
and in some cases, profile of a surface. When these controls are used, they

FIGURE 4-14 Legal Specification Flowchart for Straightness Applied to a FOS
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Inspecting a Straightness Control

(Applied to a FOS at MMC)

In Figure 4-15, a straightness control is applied to the diameter. When in-
specting this diameter, two separate checks should be made: the size of the
FOS and the straightness of the FOS. Chapter 2 discussed how to check
the size of a FOS; now we will look at how to interpret the straightness
specification.

The straightness control could be inspected as follows:

Since the straightness control contains an MMC modifier, a fixed gage
could be used. The gage would have a hole equal to the virtual condition
of the diameter, and the gage would be at least as long as the FOS it is
verifying. The FOS would have to pass through the gage to meet the
straightness control. The size tolerance of the pin would be checked
separately.

Chapter 4 - Form Controls

18.4
@ 18.0 S
B 210 I e e

Gage for verifying
the straightness
control

@18.4

+2 04

Z18.8
Virtual condition

Length min —/

FIGURE 4-15 Inspecting a Straightness Centrol Applied to 2 FOS at MMC
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CIRCULARITY CONTROL

Definition
Circularity is a condition where all points of a surface of revolution, at any
section perpendicular to a common axis, are equidistant from that axis.

Circularity can be applied to any part feature with a diametrical (round) |

Cross section.

A circularity control is a geometric tolerance that limits the amount of
circularity on a part surface. It specifies that each circular element of a
feature’s surface must lie within a tolerance zone of two coaxial circles. It
also applies independently at each cross section element and at a right
angle to the feature axis. The radial distance between the circles is equal to
the circularity control tolerance value. See Figure 4-16.

Yo O | 03 /
' 7 Smallest true circle that
circumscribes the high

\
e l \  points of the diameter
=i T ol = — 7 \ s
| y \

| I

T e T

Tolerance zone is two
coaxial circles

&

\_0.3 radial distance

FIGURE 4-16 Circularity Control Example
A circularity control can only be applied to a surface; therefore, MMC,

LMC, diameter, projected tolerance zone, or tangent plane modifiers are
not used.
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Author’s Comment
The information
regarding circularity
controls applies to
rigid parts only. For
parts subject to free-
state variation, see
Y14.5, Section 6.8.

For more info. . .
See Paragraph 6.4.3
of Y14.5.
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Design Tip
Rule #1 is an indirect
form control. The
circularity effects of
Rule #1 are not
inspected; they are a
result of the boundary
and size limitations.
If it is desired to have
the circularity of a
surface inspected, a
circularity control
should be specified.

Rule #1’s Effects on Circularity

Whenever Rule #1 applies to a FOS with a diametrical cross section, an
automatic indirect circularity control exists for its surface. This indirect
control is the result of the interrelationship between Rule #1 and the size
dimension. When a diameter is at MMC, its cross section elements must
be perfectly circular. As a diameter departs from MMC, a circularity error
is permissible. Figure 4-17 illustrates an example of how Rule #1 indi-
rectly affects circularity.

12.8

2 120

- Diameter equal to MMC

I
A |
I of feature of size
|
I

R
|

‘Jf‘_ ____l A |

g

Circularity tolerance zone that results
from Rule #1 is two coaxial circles SECTION A-A

0.8 tolerance zone
Radial distance equal to the size
tolerance of the diameter

FIGURE 4-17 Rule #1’s Effects on Circularity

Figure 4-17 illustrates that whenever a diameter is controlled by Rule #1,
its cross section elements must lie between two coaxial circles, one equal
to the MMC of the diameter, the second radially smaller by the size toler-
ance. Therefore, a diametrical dimension automatically restricts the circu-
larity of a diameter to be equal to its size tolerance.

Whenever Rule #1 applies WaFﬁsw‘% a
section, its circularity is automatically restric
size tolerance. <
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Circularity Application

A common reason for using a circularity control on a drawing is to limit
the lobing (out of round) of a shaft diameter. In certain cases, lobing of a
shaft diameter will cause bearings or bushings to fail prematurely. In Fig-
ure 4-18, the circularity control limits the maximum allowable amount of
circularity error of the shaft diameter. In this application, the following
statements apply:

The diameter must be within its size tolerance.

The circularity control does not override Rule #1.

- The circularity control tolerance must be less than the size tolerance.
- The circularity control does not affect the outer boundary of the FOS.

Tolerance zone is two
coaxial circles

r

0.3 tolerance zone
Radial distance between the circles
is equal to the circularity tolerance value

/ Smallest true circle that
/ circumscribes the high
points of the diameter

FIGURE 4-18 Circularity Application

Indirect Circularity Controls

There are several geometric controls that can indirectly affect the circular-
ity of a diameter; they are Rule #1, cylindricity, profile, and runout. When
any of these controls are used on a diameter, they also limit the circularity
error of the diameter. However, indirect circularity controls are not in-
spected. If it is desired to have the circularity of a diameter inspected, a
circularity control should be specified. If a circularity control is specified,
its tolerance value must be less than the tolerance value of any indirect cir-
cularity control that affects the diameter.
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Legal Specification Test for a Circularity Control
For a circularity control to be a legal specification, it must satisfy the fol-
lowing conditions:

No datum references can be specified in the feature control frame.
No modifiers can be specified in the feature control frame.

The control must be applied to a diametrical feature.

The circularity control tolerance value must be less than any other
geometric control that limits the circularity of the feature.

Figure 4-19 shows a legal specification flowchart for a circularity control.

QUESTIONS
(D Is a datum reference ) Yes
specified?

N
N

® Are any modifiers specified? Yes

(2 @ 0O ® O

®' Is the control applied to a
circular element?

O

0

o
es
es5

Y
Is the tolerance value le This is an
@ than the ?:Ii:mc:ter tzlirai?:e? @ —Ne - "‘,LEGA"
' specification of
a circularity

| v, control,
@ Is the tolerance value a
refinement of other geometric N
tolerances that control the o
circularity of the feature?
(eg. /4 27 AN ,O) Vi

This is a LEGAL specification of a
circularity control.

FIGURE 4-19 Legal Specification Flowchart for Circularity
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Inspecting Circularity

Figure 4-18 shows a part with a circularity specification. When inspecting
this part, the size of the FOS, the Rule #1 boundary, and the circularity re-
guirement must be checked. Chapter 2 discussed how to check the size and
Rule #1 boundary; now we will look at how to inspect the circularity
specification.

[~ Probe Tumntable #2
Part \ ‘ — Circularity chart

Turntable #1 \

Circular
element

:

Circularity

Inscribed circle

Circumscribed circle

FIGURE 4-20 Inspecting Circularity

A circularity control could be inspected with a special roundness checking
device like the one shown in Figure 4-20. A general description of an in-
spection using this device is:

There are two small turntables. The part being inspected is placed on one
turntable. A round paper chart is placed on the other turntable. As both
turntables rotate, a probe traces a circular element of the part surface. The
electronic componentry of the device magnifies the surface conditions.

Next, a pen draws a circular chart of the surface outline, comparing the ra-
dial distance between a circle that circumscribes the high points of the
outline drawn on the chart and a coaxial circle that inscribes the low points
of the outline drawn on the chart. By multiplying this distance with the
magnification scale chosen for the part measurement, a circularity value
for the circular element is determined. This process is repeated at several
locations until the inspector is confident that the part meets circularity re-
quirements.
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CYLINDRICITY CONTROL

Definition
Cylindricity is a condition of a surface of revolution in which all points of
the surface are equidistant from a common axis. A cylindricity control isa
geometric tolerance that limits the amount of cylindricity error permitted
on a part surface. It specifies a tolerance zone of two coaxial cylinders
Formore info. .. | within which all points of the surface must lie. A cylindricity control ap-
ﬁgzﬁirggraph 644 plies simultaneously to the entire surface. The radial distance between the
o two coaxial cylinders is equal to the cylindricity control tolerance value. A
cylindricity control is a composite control that limits the circularity,
straightness, and taper of a diameter simultaneously. See Figure 4-21.

12.8

2 12.0

0.3 tolerance zone - two
coaxial cylinders

FIGURE 4-21 Cylindricity Control Example

A cylindricity control can only be applied to a surface; therefore, the
MMC, LMC, diameter, projected tolerance zone, or tangent plane modifi-
ers are not used.
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Rule #1’s Effects on Cylindricity

Whenever Rule #1 applies to a cylindrical FOS, an automatic indirect
cylindricity control exists for its surface. This indirect control is the result
of the interrelationship between Rule #1 and the size dimension. When the
diameter is at MMC, its surface must be perfectly cylindrical. As the di-
ameter departs from MMC, a cylindricity error is permissible. Figure 4-22
illustrates an example of how Rule #1 indirectly affects cylindricity.

12.8
2 12.0

0.8 tolerance zone - two : 5
coaxial cylinders

FIGURE 4-22 Rule #1°s Effects on Cylindricity

Figure 4-22 illustrates that whenever a diameter is controlled by Rule #1,
its surface must lie between two coaxial cylinders, one equal to the MMC
of the diameter and the second radially smaller by the size tolerance.
Therefore, a diametrical dimension automatically restricts the cylindricity
of a diameter to be equal to its size tolerance.

~ TECHNOTE 4-11 Rule #1 as a Cylindricity Control

~ Whenever Rule #1 applies to a cylindrical FOS, its cylindricity is

~automatically restricted to be equal to its size tolerance.
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Design Tip
Rule #1 is an indirect
form control. The
cylindricity effects of
Rule #1 are not

inspected; they are a
result of the boundary
and size limitations. If
it is desired to have
the cylindricity of a
surface inspected, a
cylindricity control
should be specified.
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Cylindricity Application

A common reason for a cylindricity control to be used on a drawing is to
limit the surface conditions (out of round, taper, and straightness) of a
shaft diameter. In certain cases, surface conditions of a shaft diameter will
cause bearings or bushings to fail prematurely. In Figure 4-23, the cylin-
dricity control limits the maximum allowable cylindricity error of the shaft
diameter. In this application, the following statements apply:

- The diameter must also be within its size tolerance.

- The cylindricity control does not override Rule #1.

- The cylindricity control tolerance must be less than the total size
tolerance.

- The cylindricity control does not affect the outer boundary of the
FOS.

12.8

2 12,0

0.3 tolerance zone - two
coaxial cylinders

FIGURE 4-23 Cylindricity Application

Indirect Cylindricity Controls

There are several geometric controls that can indirectly affect the cylin-
dricity of a diameter; they are Rule #1, profile of a surface, and total
runout. When any of these controls are used on a diameter, they also limit
the cylindricity of the diameter. However, indirect cylindricity controls are
not inspected. If it is desired to have the cylindricity of a diameter in-
spected, a cylindricity control should be specified. If a cylindricity control
is specified, its tolerance value must be less than the tolerance value of any
indirect cylindricity controls that affect the diameter.
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Legal Specification Test for a Cylindricity Control
For a cylindricity control to be a legal specification, it must satisfy the
following conditions:

No datum references can be specified in the feature control frame.
No modifiers can be specified in the feature control frame.

The control must be applied to a cylindrical feature.

The cylindricity control tolerance value must be less than any other
geometric control that limits the cylindricity of the feature.

Figure 4-24 shows a legal specification flowchart for a cylindricity control.

QUESTIONS

® Is a datum reference
specified?

@) Are any modifiers specified?

(2.0 © ® O

@ Is the control applied to a
cylindrical feature?

This is an
@ Is the tolerance value less than ILLEGAL
the diameter tolerance? specification of
a cylindricity
control.

@ Is the tolerance value a
refinement of other geometric
tolerances that control the
cylindricity of the feature?
(e.g. Rule#1, 27 O)

This is a LEGAL specification of a
cylindricity control.

FIGURE 4-24 Legal Specification Flowchart for Cylindricity
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Inspecting Cylindricity VOCABULARY LIST
When inspecting a part with a cylindricity specification, several separate
parameters must be checked; these include the size of the FOS, the Rule New Terms Introduced in this Chapter
#1 boundary, and the cylindricity requirement. Chapter 2 discussed how to Circularity
check the size and Rule #1 boundary; now we will look at how to inspect Circularity control
the cylindricity specification. Cylindricity
Cylindricity control Study Tip
A cylindricity control can be inspected in a manner similar to the inspec- Flatness Read each term. If
tion for circularity. The difference is that for cylindricity, a spiral path Flatness control you don’t recall the
must be traced on the part surface. The surface points would then be com- Straightness (axis or centerplane) meaning of a term,
pared to the two coaxial cylinders of the cylindricity tolerance zone. Straightness (line element) i{::;};:;r”p i e
Straightness control (FOS) '

Straightness control (surface)

Summary
A summarization of form control information is shown in Figure 4-25.
Datum Can be applied to a | Can affect| Canuse | Can
Symbol | reference | gurface | FOS WGCB & or © | override
required modifier Rule #1
7 No | Yes | No No No No
- B | Yes | Yes ke s the? ADDITIONAL RELATED TOPICS
O No Yes | No No No No O
_ o _ i . s )
Yol No Yes | No No No No Topic a::; '_Ee:::SM 1994
* When applied to a FOS

FIGURE 4-25 Summarization of Form Controls e Str alghtn ess controls applle d on

a per unit basis

Paragraph 6.4.1.1.4

Author’s Comment
These topics, plus
advanced coverage of
many of the topics
introduced in this text,
will be covered in my

e Flatness controls applied on
a per unit basis

Paragraph 6.4.2.1.1

e Circularity applied to Paragraph 6.8 new book on
non-rigid parts advanced GD&T
concepts.
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QUESTIONS AND PROBLEMS

1. Describe what flatness is.

2. Describe the tolerance zone for a flatness control.

3. Describe how a flatness tolerance zone is located.

/ SURFACE B

N

f SURFACE A

4. On the drawing above, what is the maximum allowable flatness error of surface A?
5. On the drawing above, what is the maximum allowable flatness error of surface B?

6. For each flatness control shown below, indicate if it is a legal specification. If a control is

illegal, explain why.
A |Z7]01]
_ B. [/ 7]01(M)
|
r ¢, (7] 01 | A
!
I D. |L/|D 01
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/ SURFACE B
I N

GloA]

‘\— SURFACE A

Questions 7-12 refer to the drawing above.

7. What is the maximum permissible flatness error of surface A?

Surface B?

8. What is the outer boundary of the 21.8 - 22.2 dimension?

9. Could the flatness control tolerance value be increased to 0.5? Explain why or

why not.

10. If the 21.8 - 22.2 dimension was increased to 21.6 - 22.4, would this change the flatness
tolerance zone on surface A? Explain why or why not.

= | rmstens... Bwould be Tmited o+ | Awould be lmed o+
AtMMC
AtLMC
At22.0

12. Can a flatness control be applied to a FOS?
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13. Describe how a flatness control can be inspected. 19. Each straightness control shown below is applied to a surface. Indicate if it is a legal speci-
fication. If a control is illegal, explain why.
A. |—| 10
— 10
14. Describe what straightness is. B, @
¢ |/ 91 | A
D.. [ @8
— | 0.05
12.4
2 120
- e o=
\: E=IXIo)
—efs "
—+ [(=[r2®]
........................... 1 1
. i : S | o
Questions 15 - 18 refer to the drawing above. &V UATT T T TS T - 2
o S
15. Describe the tolerance zone for the straightness callout. 5218 [—lei)]
o [Z]Pos@]
2% 24 —G [—Toez]=—F

16. The outer boundary of the pin is

20. Use the drawing above to fill in the chart below. (Use N/A if not applicable.)

17. If the straightness control was removed, what would control the straightness of the surface

The straightness control
elements?

shown is applied to a

" FOS

Dimension
at letter

The VC, OB, or IB Does Rule #1
of the FOS is apply to the FOS?

Surface

A

18. Describe how the straightness control could be inspected. :
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24. In each case, draw and dimension the gage for the straightness control and calculate the
g 124 maximum amount of bonus tolerance possible and the maximum total allowable tolerance.
12.0
A Part — Gage Max. Bonus
_ _ 2 118
N [Eleez@)]
T Total Allowable
Tolerance
Questions 21 and 22 refer to the drawing above. B Pat 2 129 Gage Max. Bonus
A —a  EApT
21. What limits the straightness of the diameter of the pin? =
o i Total Allowable
_____ Tolerance
22. The outer boundary of the pin is
C Part = G g:g Gage Max. Bonus
—| 02
23. Circle the letter for each of the four conditions that exist when a straightness control (with Ef \
an MMC modifier) is applied to a feature of size. N oy Total Allowable
_____ L7 Tolerance
A. The FOS size tolerance (of the FOS) may be violated. : J
B. Rule #1 is overridden. D Ppart — g 104 Gage Max. Bonus
40 ; —|20 |
C. The virtual condition of the FOS is equal to z2}e. = ¢ | ————— 'y ®
Total Allowable
. - — Tolerance
D. The MMC modifier cannot be used.
““““““““““““ Y
E. The straightness control affects the virtual condition. = Bage e Biai
E Pt 53 [—e0s@® '
F. The flatness of the surface is also controlled. 7
; : Y 44 Total Allowable
G. A fixed gage can be used to verify the straightness. = s Tolerance
D7 °
H. Rule #1 applies. 22222
Gage Max. Bonus
I. A bonus tolerance is permissible. Fopat @ 5241 »‘ .
J. A datum must be referenced.

Total Allowable
Tolerance

K. A variable gage must be used.

L. No bonus is allowed.
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25. Describe circularity.

26. Describe the tolerance zone for a circularity control. \ r\/

—ois B e
g3 A — 0 :
T — [0z ®]
16.52 i e il (O IO i B i e 3
— — 2 1548 A — - —

¢ e s

@62+01 E

Questions 27 and 28 refer to the drawing above.
31. Using the drawing above, fill in the chart below.

' 27. What controls the circularity of diameter A?

28. The maximum circularity error possible for diameter A is Diameter WCB Max circularty. | Max straightness of Nlllii:: seT:;r?E;Tes:srfo?f :;I:Ii:;
error possible | axis error possible =
possible (YES/NO)
29. Circle the letter for each of the three conditions that exist when a circularity control is
applied to a diameter. A
A. The diameter must be within its size tolerance. o
B. Rule #1 applies. e
C. Rule #1 does not apply.
‘ D. The virtual condition is affected. D
E. A bonus tolerance is allowable.
‘ F. The circularity control tolerance value must be less than the size tolerance. E
30. For each circularity control shown below, indicate if it is a legal specification. If the control i

is illegal, explain why.

A. | O |@o2

B. | O 0208
c. | © o1

D.| O |01 |A
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B e e i i [ it b Bl = o i
32. Describe how a circularity control can be inspected. 39. For each cylindricity control shown below, indicate if it is a legal specification. If a control is
illegal, explain why.
A. 0.02| A
33. Describe what cylindricity is. A
B. | £ |0.02
34. Describe the tolerance zone for cylindricity. c. [/ Too2©
D. | |@0.02
16.52
— @ A
16.48 LRy
P!
PR
//Vﬂ\\\\ ) | rl
i & A<
Q-
N N —2ie:B
Y
ol
Questions 35 and 36 refer to the drawing above. o

35. What controls the cylindricity of diameter A?

36. The maximum cylindricity error possible for diameter A is

37. Circle the letter for each of the three conditions that exist when a cylindricity control is

applied to a diameter. . : :
40. Using the drawing above, fill in the chart below.

A. Rule #1 applies. Max
B. Rule #1 does not apply. Rule #1 : : i o
i Di . straightness of | Max circularity |[Max cylindricity
E : Xhﬁowors:;}?as:nzztgziﬁ llgbr;gt affected. ATt gggf,‘:g} WCB ™ s error | errorpossible | eror possible
; nus toler ’ possible
E. It limits the size tolerance of the diameter.
F. The diameter must also be within its size tolerance.

38. Describe how a cylindricity control can be verified.

o|lo| m| >
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c h a t r Degrees of Freedom
pter| 2
: Q
Datums s

1 & 5222 D X Y along the 2

: y ) axis

i B 52856 _

| - 28.48 Movement Rotation

!

! [} alc_:ng the ¥ around the X
| A X F4 T =8 axis

' P36 1 = = o

| 26.0

‘\l L ‘
L || é Movement Rotation
along the X around the Y
axis :
126 axis
2425 E

1 Rotation

1 around the Z
: ﬁ 41. Use the instructions below to complete the drawing above. axis

| a. Add a form control to diameter A that will allow the virtual condition of the diameter to - o 7
atum axis

be 37.6. The control should allow a bonus tolerance. A

b. Add a form control to surface B. The control will allow a maximum flatness error of 0.1. Datum plane B

¢. Add a form control to limit the cylindricity error of diameter C to 0.02 maximum.

d. Add a form control to diameter D to limit the straightness of the surface elements to 0.05

| ; Datum plane C
‘ maximum.
|

e. Add a form control to diameter E that will allow the virtual condition of the diameter to
be 12.0. The control should allow a bonus tolerance.

Datum axis X Datum axis ¥

f. Add a form control to diameter F to limit the straightness of the surface elements to 0.08 Diatom pléie &

maximum.

| g. Add a form control to surface G to allow a maximum flatness error of 0.2.
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Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

This chapter is designed to help you read and understand the information
related to datums on drawings. The datum system is an important part of
the language of geometric tolerancing. The datum system is a set of
symbols and rules that communicates to the drawing user how dimensional
measurements are to be made. The datum system is used for two reasons:
First, the datum system allows the designer to specify in which sequence
the part is to contact the inspection equipment for the measurement of a
dimension. Second, it allows the designer to specify which part surfaces
are to contact the inspection equipment for the measurement of a
dimension.

The datum system provides three important benefits:

- It aids in making repeatable dimensional measurements.

- It aids in communicating part functional relationships.

- It aids in making the dimensional measurement as intended by the
designer.

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:
5-1. Understand the datum system (planar datums).
5-2. Interpret datum targets.

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 5-1 (pp. 114-126)
- Describe the datum system.
- List three benefits of the datum system.
- Describe an implied datum.
- List two shortcomings of implied datums.
- List two consequences of implied datums.
Define a datum.
Define a datum feature.
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Define a true geometric counterpart.

Describe a datum feature simulator.

Describe a simulated datum.

Draw the datum feature symbol.

Describe four ways to specify a planar datum.

Explain the basis for choosing datum features.

Describe a datum reference frame.

Describe what controls the orientation of datum features.
List the six degrees of part freedom in space.

Explain the 3-2-1 Rule.

Explain the difference between a datum-related dimension and a
FOS (non datum-related) dimension.

Describe the datum reference frame for a part with inclined
datum features.

Describe coplanar datum features.

Goal 5-2 (pp. 126-133)

Explain datum targets.

List two situations where datum targets should be used.
Recognize the datum target symbol.

State when a datum target specification is on the front or back
surface in a view on a drawirtg.

Describe why basic dimensions are used to locate datum targets.
List three requirements of datum target applications.

Draw the symbol for point, line, and area datum targets.
Draw a simulated gage for a point datum target application.
Draw a simulated gage for a line datum target application.
Draw a simulated gage for an area datum target application.
Specify datum targets on a drawing.
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IMPLIED DATUMS

Definition

An implied datum is an assumed plane, axis, or point from which a
dimensional measurement is made. Implied datums are an old concept
from coordinate tolerancing. An example of implied datums is shown in
Figure 5-1. In this figure, the bottom and left sides of the block are
considered implied datums.

Shortcomings of Implied Datums

Implied datums have two major shortcomings. First, they do not clearly
communicate to the drawing user which surfaces should contact the
inspection equipment. When the drawing does not clearly specify which
surfaces are to contact the inspection equipment, the inspector must make
an assumption. Second, implied datums do not communicate to the
drawing user in which sequence the part should be brought into contact
with the inspection equipment. If the order is not clearly specified, each
inspector could assume a different sequence. Each sequence would then
produce different results for the part measurements. Figure 5-1 illustrates
this problem.

|, 248 -
24.0 - =
124 | ”
12.0 O |
222 Iy ‘\?) = e =
21.8 o === -
¥ i T s
L 164
16.0

Should the hole location be measured as shown in setup A or B?

Surface Plate Surface Plate

Setup A Setup B

FIGURE 5-1 Implied Datums
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Consequences of Implied Datums
The use of implied datums results in two consequences:

- Good parts are rejected.
- Bad parts are accepted.

The use of implied datums requires the inspector to assume which part
surfaces should contact the inspection equipment and in what sequence. A
part that is to specification when measured properly may be rejected when
measured from the wrong surfaces or when using the wrong sequence.
Also, a part that would be out of specification when measured properly,
may pass inspection when measured from the wrong surfaces or using the
wrong sequence.

PLANAR DATUMS

General Information on Datums

A datum is a theoretically exact plane, poini, or axis from which a
dimensional measurement is made. A datum feature is a part feature that
contacts a datum. A planar datum is the true geometric counterpart of a
planar datum feature. A true geometric counterpart is the theoretical
perfect boundary or best fit tangent plane of a specified datum feature.

Depending upon the type of datum feature, a true geometric counterpart
may be:

- A tangent plane contacting the high points of a surface.
- A maximum material condition boundary,

- A least material condition boundary.

- A virtual condition boundary.

- An actual mating envelope.

- A mathematically defined contour.

- A worst-case boundary.
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Design Tip
Whenever dimension-
ing the location of a
FOS on a part, do not
use implied datums.

For more info. . .
See Paragraph 4.2
of Y14.5.
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Design Tip
Whenever a surface
is used as a primary
datum feature, a
flatness control
should be applied
to the surface. This
will improve the
stahility of the
part on its datum

| feature simulator.

Since a true geometric counterpart is theoretical, the datum is assumed to
exist in, and be simulated by, the associated inspection (or processing)
equipment. The inspection equipment (or gage surfaces) used to establish
a datum is called the datum feature simulator. For example, surface plates
and gage surfaces—though not perfect planes—are of such quality that
they are assumed to be perfect and are used as simulated datums. A
simulated datum is the plane (or axis) established by the datum feature
simulator. For practical purposes in industry, a simulated datum is used as
the datum. Figure 5-2 shows a datum, true geometric counterpart, datum
feature simulator, and simulated datum plane.

- Datum feature (actual part surface)

Datum plane A
(true geomeilric counterpart
of datum feature A)

Simulated datum planeA
(plane derived from the
datum feature simulator)

{or datum feature simuiator)

— Datum feature (actual part surface)

Part [ ) Simulated datum plane A
/ (plane derived from the

datum feature simulator)

Surface plate (or datum feﬁture simulatar)

Datum plane A
(true geometric counterpart
of datum feature A)

FIGURE 5-2 Planar Datums

TECHNOTE 5-1 Datum Features and Datums

- Datum features are part features and they exist on the part.

- A datum feature simulator is the inspection equipment that
includes the gage elements used to establish a simulated datum.

- Datums are theoretical reference planes, points, or axes and are
simulated by the inspection equipment.

- For practical purposes, a simulated datum is considered a datum.
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Datum Feature Symbol

The symbol used to specify a datum feature on a drawing is shown in
Figure 5-3. It is called the datum feature symbol. The method of attaching
this symbol to a part feature determines if it designates a planar datum or a
FOS datum. Figure 5-3 shows four ways of displaying the datum feature
symbol to denote a planar datum.

— Datum letter box
For size and proportions, see Appendix B.

Base
| A (may be filled or
unfilled)

2\

Datum feature symbol

EXAMPLES OF HOW Td SPECIFY A PLANAR DATUM
D

Connect the base on the edge view
of a surface or on an extension line

of a surface. . 1

OR c |
Connect the base to a dimension 3
extension line. The base must be !
offset from the dimension lines.

OR " 12 ‘
Connect the base to a feature "‘L
o gt

(@]

control frame that is applied toa 7
surface.

FIGURE 5-3 Datum Feature Symbol
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Datum Selection

For more info. . .
See Paragraphs 4.3
and 4.5.11.1 of
Y14.5.

Datum features are selected on the basis of part function and assembly
requirements. The datum features are often the features that orient
(stabilize) and locate the part in its assembly. For example, the part in
Figure 5-4 mounts on surface A and is located by diameter B. For
assembly, the holes need to be located relative to the features that mount
| and locate the part to the mating part. Therefore, surface A and diameter
| B are designated as datum features.

P

<€ ’

87
Assembly Detail X Bgs

(4 [20s@[A[@)]

FIGURE 5-4 Datum Selection

TECHNOTE 5-2 Datum Selection

Datum features are selected on the basis of part function and
assembly requirements; they are often the features that orient
(stabilize) and locate the part in its assembly.

118

Chapter 5 - Datums (Planar)

Referencing Datums in Feature Control Frames

After datums are specified, the drawing must also communicate when and
how the datums should be used. This is typically done through the use of
feature control frames. When feature control frames are specified, they
reference the datums to be used for their measurement. For example, in
Figure 5-4, the bolt holes are toleranced relative to the datums through the
use of a geometric tolerance. Since the part is clamped against surface A,
surface A will establish the orientation of the part in space and 1is
referenced as the primary datum. The part is located by the pilot diameter;
therefore, it is referenced as the secondary datum.

When feature control frames reference datums, they also specify the
sequence for contacting the part to the datums referenced. The sequence is
determined by reading the feature control frame from the left. The first
compartment that contains a datum reference denotes the datum feature
that is to contact the inspection equipment first. The second compartment
that contains a datum reference denotes the datum feature that is to contact
the inspection equipment second. The third compartment that contains a
datum reference denotes the datum feature that is to contact the inspection
equipment third. Figure 5-5 shows an example of how to interpret the
datum sequence in a feature control frame.

Primary datum \ f Secondary datum
Tertiary datum
xx [als]c e

First datum Second datum Third datum -
feature to. . . feature to. . . feature to. . .

Contact the gage when inspecting this dimension

FIGURE 5-5 Referencing Datums in Feature Control Frames
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Author’'s Comment
When three datums are
' referenced on a part
with all planar datums,
all six degrees of
freedom are restricted.

Datum Reference Frame

One of the purposes of the datum system is to limit the movement of a part
so that repeatable measurements can be made during inspection. When a
part is free to move in space, it has six degrees of freedom. The six
degrees of freedom are rotation around the x, y, or z axis and movement
along the x, y, or z axis. They are shown in Figure 5-6. In order to restrict
the six degrees of freedom on a part with planar datums, it takes the use of
three datum planes. When three datum planes are used, they are considered
to be a datum reference frame. A datum reference frame is a set of three
mutually perpendicular datum planes. The datum reference frame provides
direction as well as an origin for dimensional measurements.

Chapter 5 - Datums (Planar)

Movemeant
along the Z
axis

— Datum plane C
Datum plane B

Movement Rotation

along the X around the Y

axis axis ¥
Rotation
around the Z
axis

Datum plang A
With these datums specified and referenced in this order

Datum Limits freedom in the
Bri « Rotation around the X axis
nA y * Rotation around the Y axis
+ Movement along the Z axis
Secondary| « Rotation around the Z axis

B | - Movementalong the Y axis

Teré;ary |+ Movement along the X axis

FIGURE 5-6 Datum Reference Frame

The planes of a datum reference frame have zero perpendicularity
tolerance to each other by definition. Measurements are taken
perpendicular from the datum planes. Figure 5-7 shows a datum reference
frame for the part from Figure 5-6.
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Datum plane B Datum plane C
80 90
X Y

Datum plane A

Direction of measurement is
perpendicular to the datum
. plane from which the
dimension originates

FIGURE 5-7 Datum Reference Frame

The 90° angles between datum planes are basic. The 90° angles between
actual part surfaces have tolerance. The angular tolerance of the part
surfaces may be specified on the drawing or in a general note. Figure 5-8
shows a part where the part surfacgs (datum features) are not exactly 90° to
each other. A measurement on this part will produce different results based
on which part surface touches the datum reference frame first, second, and
third. -

When making a location measurement on a part feature, the six degrees of
freedom are restricted by using a datum reference frame. The method of
bringing a part into contact with the planes of the datum reference frame
has a significant impact on the measurement of the part dimensions.

> Angle between datum features
must be controlled by a
specification on the drawing

Datum plane B
(secondary)

/—Datum plane C (tertiary)

..

\‘Lbatum plane A (primary)

FIGURE 5-8 Datum Features
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For more info. . .
See Paragraph 4.4.1 of
Y14.5.

TECHNOTE 5-3 Datum Feature Relationships

The tolerance between part datum features that are shown at 90°
must be specified in a general note, in titleblock tolerances, or
by other means.

The feature control frames on a drawing specify the order in which the part
surfaces are to contact the datum reference frame for a dimensional
measurement. Refer to Figure 5-9 while reading this explanation.

A feature control frame is read from left to right. In this case, datum A is
referenced first, datum B is referenced second, and datum C is referenced
third.

The feature control frame indicates that the part should contact datum A
first. In a dimensional measurement, the first datum plane that the part
contacts is called the primary datum. The primary datum establishes the
orientation of the part (stabilizes the part) to the datum reference frame.
The part contacts the datum plane with at least three points of contact. The
primary datum restricts three degrees of freedom: movement along the Z
axis, rotation around the X axis, and rotation around the Y axis. Three
degrees of freedom remain unrestricted.

The feature control frame indicates that the part should contact datum B
second. In a dimensional measurement, the second datum plane that the
part contacts is called the secondary datum. The secondary datum locates
the part (restricts part movement) within the datum reference frame. The
part may have a line contact with the secondary datum; therefore, it
requires a minimum of two points of contact with the secondary datum
plane. The secondary datum restricts two additional degrees of freedom:
rotation around the Z axis and movement along the ¥ axis. One degree of
freedom remains unrestricted.

The feature control frame indicates that the part should contact datum C
third. In a dimensional measurement, the third datum plane that the part
contacts is called the fertiary datum. The tertiary datum locates the part
(restricts part movement) within the datum reference frame. The part may
have a single point of contact with the tertiary datum; therefore, it requires
a minimum of one point of contact with the tertiary datum plane. The
tertiary datum restricts the last remaining degree of freedom: movement
along the X axis.
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2 2 XX

i EIINE
Pointof origin -~ " T —y
){ e ¢ BB

X Y

Part will have planar Three degrees of freedom are

contact with datum plane A restricted:
(minimum of three-point
Y contact).

- Rotation around the X axis
- Rotation around the Y axis
- Movement along the Z axis

Two additional degrees of
freedom are restricted:

- Rotation around the Z axis
- Movement along the Y axis

When angle A is less than or
greater than 90°, the part will
have [ine contact with datum
plane B (minimum of two-
point contact).

Datum plane C

When angles A & B are less N

than or greater than 80°, the ?ﬂe addl_tmaltr_!e&ae of
part will have point contact with reedom is restricted:
dajum plane C (minimum of a:fsovement along the X
one point of contact).

FIGURE 5-9 Primary, Secondary, and Tertiary Datums

The 3-2-1 Rule

The 3-2-1 Rule defines the minimum number of points of contact required
for a part datum feature with its primary, secondary, and tertiary datum
planes. The 3-2-1 Rule only applies on a part with all planar datums. The
primary datum feature has at least three points of contact with its datum
plane. The secondary datum feature has at least two points of contact with
its datum plane. The tertiary datum feature has at least one point of contact
with its datum plane. The 3-2-1 Rule applies to planar datum features
only.

TECHNOTE 5-4 3-2-1 Rule

The 3-2-1 Rule defines the minimum points of contact with the
primary datum as 3, the secondary datum as 2, and the tertiary
datum as 1.
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Author’'s Comment
The three-point
contact is the ideal
condition. Form error
on a planar datum
feature can cause one-
point contact or
“rocking” of a part on
a primary datum
plane. In these cases,
the part must be
stabilized on its
primary datum plane.
See Y 14.5, Paragraph
4.5.1
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Datum-Related Versus FOS Dimensions

Only dimensions that are related to a datum reference frame through
geometric tolerances should be measured in a datum reference frame. If a
dimension is not associated to a datum reference frame with a geometric
tolerance, then there is no specification on how to locate the part in the
datum reference frame. In Figure 5-10, the hole locations are related to the
datum reference frame, D primary, E secondary, and F' tertiary. During
inspection of the hole location dimensions, the part should be mounted in
datum reference frame D-E-F, but the overall dimensions are not related to
the datum reference frame. The overall dimensions are FOS dimensions.
During inspection of the overall dimensions, the part should not be
mounted in the datum reference frame.

—— 8§81 0.1 ——>

}{é §§:§ %

saf e

-~
X 2107 E]
€ |8 X :
[ & [exx@[o]e]F] I;gg
| | =
I

az | €Y
36.0 E ()
Datum plane E /

FIGURE 5-10 Datum-Related Versus Feature of Size Dimensions

o —-

TECHNOTE 5-5 Datum-Related Dimensions

Only dimensions related to a datum reference frame through the
use of geometric tolerances are to be measured in a datum
reference frame.
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Inclined Datum Features

An inclined datum feature is a datum feature that is at an angle other than
90°, relative to the other datum features. On parts with datum features
(surfaces) at angles other than 90°, the datum reference frame will contain
planes at the basic angle of the part surface. The part shown in Figure 5-11
has a surface 60° from datum feature A; this surface is designated as datum
feature C. The datum reference frame would have three perpendicular
planes. However, the inclined datum feature would have its datum feature
simulator oriented at the basic angles shown on the drawing. For this type
of datum reference frame, the angle of the surface must be specified as
basic, and the surface is controlled by a geometric tolerance.

46

? 40
/_ @ [po2@[a[B[c]

- IE é Daturn plane B
ﬂ ol »
Datum plane G t )

Datum Relarance Frama

FIGURE 5-11 Inclined Datum Features

Multiple Datum Reference Frames

In certain cases, the functional requirements of a part call for the part to
contain more than one datum reference frame. A part may have as many
datum reference frames as needed to define its functional relationships.
The datum reference frames may be at right angles or at angles other than
90°. Also, a datum plane may be used in more than one datum reference
frame. Figure 5-12 shows a part with three datum reference frames.

4
b

FIGURE 5-12 Datum Reference Frames
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For more info. . .
See Paragraph 4.4.1.1
of Y14.5.

Author’s Comment
On complex parts, it
is common to have
multiple datum
reference frames. I
have seen drawings
with as many as thirty
datum reference
frames.
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For more info. . .
The profile control is
explained in Chapter
12.

For more info. . .
| See Paragraph 4.5 of
[ Y14.5,

Author's Comment
Datum targets may
also be used to
establish a datum axis
or centerplane,

Coplanar Datum Features

Coplanar surfaces are two or more surfaces that are on the same plane.
Coplanar datum features are two or more datum features that are on the
same plane. A single datum plane can be established from multiple
surfaces. In this case, a datum feature symbol is attached to a profile
control. The profile control limits the flatness and coplanarity of the
surfaces. The note following this profile control—“two surfaces”—also
denotes that datum feature A is comprised of two surfaces. Figure 5-13
illustrates coplanar datum features.

Datum plane A

FIGURE 5-13 Coplanar Datum Features

DATUM TARGETS

General Information on Datum Targets

Datum targets are symbols that describe the shape, size, and location of
gage elements that are used to establish datum planes or axes. Datum
targets are shown on the part surfaces on a drawing, but they actually do
not exist on a part. Datum targets describe gage elements. The gage
elements only contact a portion of the part surface, Datum targets can be
specified to simulate a point, line or area contact on a part. The use of
datum targets allows a stable and repeatable relationship for a part with its

| gage.

Datum targets should be specified on parts where it is not practical (or
possible) to use an entire surface as a datum feature. A few examples are
castings, forgings, irregularly shaped parts, plastic parts, and weldments.
These types of parts often do not have a planar datum feature, or the datum
feature is likely to be warped or bowed; this results in an unsuitable
contact with a full datum plane. Often the part will rock, wobble, or not
rest in the same position on a full datum plane.
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TECHNOTE 5-6 Datum Target Definition

. .I)at;'m?n' targets are symbols that describe the shape, size and
location of gage elements that are used to establish datum planes,

‘axes, and points.

Datum Target Symbols

A datum target application uses two types of symbols: a datum target
identification symbol and symbols that denote which type of gage
elements are to be used. The datum target identification symbol is shown
in Figure 5-14A. The symbol is divided into two parts with a horizontal
line. The bottom half denotes the datum letter and the target number
associated with that datum;, the top half contains gage element size

information when applicable. The leader line from the symbol specifies |

whether the datum target exists on the surface shown or on the hid{.kn
surface side of the part. If the leader line is solid, the datum target exists
on the surface shown (datum targets Bl and B2 in Figure 5-14). If the
leader line is dashed, it denotes that the datum target exists on the hidden
surface of the part (datum targets A/, A2, and A3 in Figure 5-14). When a
datum target symbol is used on a drawing, it is often accompanied by the
datum feature symbol. i

Three symbols used to denote the type of gage element in a datum target
application are the symbols for a target point, a target line, and a target
area. A datum target application is shown in Figure 5-14B.
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Author's Comment
Using datum targets
often improves mea-
surement repeatability
and does not increase
part cost.

FIGURE 5-14 Datum Target Symbols
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~ TECHNOTE 5-7 When to Use Datum Targets
Datum targets should be used whenever...

- It is not practical to use the entire surface as a datum plane.

- The designer suspects the part may rock or wobble when the
datum feature contacts the datum plane.

- Only a portion of the feature is used in the function of the
part.

Design Tip
When using three
datum target points
to establish a primary
datum plane, the
points should be as far
apart as possible and
should not be in a
straight line,

A datum target point is specified by an X-shaped symbol, consisting of a
pair of lines intersecting at 90°. The symbol is shown and dimensioned on
the plan view of the surface to which it is being applied (see Figure 5-
15A). Where this type of view is not available, the symbol can be shown
and dimensioned in two adjacent views (see Figure 5-15B). Basic
| dimensions should be used to locate datum target points relative to each
other and the other datums on the part. Basic dimensions are used to
describe the location of datum targets, which assures that there will be
minimum variation between gages. A datum target point is often simulated
in a gage with a spherical-tipped gage pin. The gage pin for a target point
is shown in Figure 5-16.

| | * s 3 |
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FIGURE 5-15 Datum Target Points
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TECHNOTE 5-8 Datum Targefs and Basic Dimensions

Basic dimensions should be used to describe the location of datum
targets, which assures that there will be minimum variation
between gages.
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Drawing Meaning

Datum plane B
I | o Fmtum plane A
|

Gage pin for
datum target C

:
B;‘ﬁj@ra

FIGURE 5-16 Datum Target Points

Notice that datum plane C in Figure 5-16 is across the top of the spherical-
tipped pin and is perpendicular to both datum planes A and B. The actual
part surface may be above or below the datum plane.

Figure 5-17 illustrates the three ways to specify a datum target line: a
phantom line on the plan view of a surface, an X on the edge view of a
surface, and a combination of a phantom line and an X. Basic dimensions
should be used to locate the datum targets relative to other targets and
datums.
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FIGURE 5-17 Symbols for Datum Target Lines

Author's Comment
When basic
dimensions are used
to define datum
targets, gage
tolerances apply to the
basic dimensions.
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A datum target line is often simulated in a gage by the side of a cylindrical
gage pin. Figure 5-18 illustrates a gage for simulating a datum target line.

Chapter 5 - Datums (Planar)

Drawing : Meaning

Datum piane E
/ /— Datum plane D
|

4wl L

Datum plane F

Gage pin for

@/ ; datum target F

FIGURE 5-18 Datum Target Lines

Where it is preferred to use a gage element that represents an area of
contact on a part surface, a datum target area is specified. There are three
ways to specify a datum target area. A datum target area is designated by
drawing the outline of the gage for simulating the datum target area on the
part surface. The outline is shown in phantom lines, and the shape is cross-
hatched as shown in Figure 5-19A. The shape, size, and location of the
area are described with basic dimensions. If the target area is circular, the

diameter may be specified in the upper half of the datum target symbol as
shown in Figure 5-19B.
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FIGURE 5-19 Datum Target Areas
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Where it is impractical to show the circular target area, the method in
Figure 5-19C may be used. Figure 5-20 shows an application with datum
targets. Note that flat-tipped gage pins are used to simulate the area datum
targets specified on the drawing. When the leader line between the datum
target symbol and the datum target is dashed (like datum target A/, A2,
and A3), the gage pin contacts the back surface of the part in the view

shown.
Drawing Meaning
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FIGURE 5-20 Datum Target Applications

Datum Target Applications

Although there are only three datum target symbols, they can be used in a
variety of ways and on a number of different types of parts. This section
illustrates and explains three different datum target applications:

1. Creating a partial reference frame from partial surfaces

2. Creating a partial datum reference frame from offset surfaces

3. Creating a complete datum reference frame from irregular
surfaces

When using datum targets to establish a complete datum reference frame,
three requirements should be met:

1. Basic dimensions should be used to define and locate the datum
targets.

2. The datum reference frame must restrain the part in all six
degrees of freedom.

3. The part dimensioning must ensure that the part will rest in the
gage in only one orientation and location.
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In certain applications, it may be desired to create a datum reference frame
by using a partial surface of the datum feature. Figure 5-21 shows an
application that uses datum targets to define gage elements that contact
partial surfaces of the datum feature. In Figure 5-21, datum targets A/ and
Bl designate gage elements that contain a portion of the surfaces they
contact. When a datum target area (or line) is shown on a cylindrical
surface like datum target B1, it wraps around the diameter of the part.

Design Tip
A secondary and ter-
tiary datum are
required when the
primary datum is
established with
datum targets.

For more info. . .
See Paragraph 4.6.4.1
of Y14.5.

FIGURE 5-22 Datum Target Point Application

When datum target points, lines, or areas are used to establish a prin_-lary
datum plane, it is a good practice to specify them as far apart as possible.
This will improve the stability of the part on the gage.

In some applications, you may wish to create a datum reference frame on a
part with irregular surfaces. Figure 5-23 shows an application that uses
datum targets. Gage elements that contact the points on the irregular
surfaces are used to establish the datum reference frame. In Figure 5-23,
datum target A7 is an area target, and it establishes datum plane 4. Datum
targets Bl and B2 are line targets, and they establish datum plane B.

B Collet Datum target C/ is a line target, and it establishes datum plane C. Note the
f ‘4 use of basic dimensions to define the size and location of the datum | For more info. ..
' o ey targets. A profile tolerance may be used to define the tolerance for the | See Paragraph 4.6.3.1
| -] . - of Y14.5.
ol __@ irregular part surfaces. A datum feature symbol may be attached to cither
i 7 i of the planes where the datum targets are shown.

FIGURE 5-21 Datum Target Area Application

| In other applications, you may want to create a datum reference frame by

| using points (or lines, or areas) from offset surfaces of a part. Figure 5-22
shows an application that uses datum targets. Gage elements that contact
the offset surfaces are used to establish the datum reference frame. In
Figure 5-22, datum target Al is on one surface, and datum targets 42 and
A3 are on a second surface.

With datum targets on offset surfaces, a basic dimension is used to define
the offset of the datum targets (gage pins). A profile tolerance may be used
to define the offset tolerance for the part surfaces. A datum feature symbol
may be attached to either of the surfaces where the datum targets are
shown.

FIGURE 5-23 Datum Target Application
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Study Tip
Read each term. If
you don’t recall its
meaning, look it up in
the chapter.

VOCABULARY LIST

| Coplanar datum features
Coplanar surfaces
Datum

Datum feature

Datum feature simulator
Datum reference frame
Datum system

Datum target

Implied datum

Inclined datum features
Planar datum

Primary datum

Secondary datum
Simulated datum

Tertiary datum

3-2-1 Rule

True geometric counterpart

New Terms Introduced in this Chapter

ADDITIONAL RELATED TOPICS

O

Al

Author’'s Comment
These topics, plus
advanced coverage of
many of the topics
introduced in this text,
will be covered in my
new book on
advanced GD&T
concepts.

Topic
e Temporary and permanent
datum features
e Partial surface as datum features
e Mathematically defined surfaces

e Datums established from complex
or irregular surfaces
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ASME Y14.5M-1994
Reference

Paragraph 4.3.1

Paragraph 4.5.10
Paragraph 4.5.10.1

Paragraph 4.6.7

QUESTIONS AND PROBLEMS

1. Describe the datum system.

2. List three benefits of the datum system.

3. Describe what an implied datum is.

4. List two shortcomings of implied datums.

5. List two consequences of implied datums.

6. Define a datum.

7. Define a datum feature.

8. Describe the true geometric counterpart of a planar datum feature.
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9. Draw the datum feature symbol.

Y Axis T T

XX
XX

10. Describe two ways to specify a planar datum feature. 7 A:s/
i

S

X Axis

) ) . Questions 14-17 refer to the datum sequence and drawing above.
11. Describe the basis for choosing datum features.

. 14. List the six degrees of freedom.

12. Define the term, “datum reference frame.”

15. List the minimum number of points of contact that the part must have with . . . .
a. Datum plane E

b. Datum plane B
[ C c. Datum plane A

o T P&

16. List the degrees of freedom that contact with datum plane E will restrict.

17. List the degrees of freedom that contact with datum plane B will restrict (after the part

contacts the datum plane E).
13. On the drawing above, what controls the squareness between datum features A & B?
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18. Describe coplanar datum features.

19. Draw the datum reference frame for the part shown above.

20. Explain how a drawing user can determine if a dimension is related to a datum reference
frame.

21. Explain the term, “datum target.”

22. List two places where datum targets should be used.

138
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23. Why should basic dimensions be used to define datum targets?
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24. On both drawings above, sketch the datum symbols to specify surface X as datum feature B,
surface Y as datum feature C, surface Z as datum feature D.

25. List three requirements of datum target applications.
Ls

2.

symbol.

AT
26. This is called a
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27.

28.

29,

Questions 27 and 28 refer to the drawing on page 140.

Draw and dimension the datum target according to the following instructions.

a. Use three 15 mm. dia. area targets to establish datum plane A.

b. Use two-line datum targets to establish datum plane B.

c. Use a one-line datum target to establish datum plane C.

d. Assign a flatness control to limit the flatness tolerance of datum feature A to
within 0.1 mm.

Are the datum targets used when inspecting the flatness control? Explain why or why not.

In the space below, draw the symbol for a datum target point, line, and area.

Point Line Area
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30. Using the figure above, sketch the simulated datums for the datum targets.
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Chapter 6 - Datums (Axis and Centerplane)

Author’'s Comment
This text does not
include FOS datums
referenced at LMC.

Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

This chapter will help you to read and understand datum reference frames
established from feature of size datum features. The information in this
chapter is limited to FOS datum features referenced at RFS and MMC.

When a FOS is used as a datum feature, it usually results in an axis or a

- centerplane as the datum. Diametrical and planar features of size may be

used as datum features. When a FOS is used as a datum feature, the draw-
ing must indicate the material condition at which the true geometric coun-
terpart applies (MMC or RFS). RFS is the default condition; if MMC is
desired, it must be specified. The material condition for a FOS datum fea-
ture is specified in the feature control frames that reference the datum.

When a diameter is used as a datum feature, it results in a datum axis.
When a planar FOS is used as a datum feature, it results in a datum center-
plane.

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:

6-1. Interpret FOS datum specifications (RFS).
6-2. Interpret FOS datum specifications (MMC).

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 6-1 (pp. 146-152)
- Describe the datum that results from a FOS datum feature.
- Describe five ways to specify an axis or centerplane as a datum.
- Explain how FOS datum references communicate size condition.
- Draw the datum feature simulator for an external FOS datum feature
(RFS primary).
- Draw the datum feature simulator for an internal FOS datum feature
(RFS primary).
- Draw the datum feature simulator for an external FOS datum feature
(RFS secondary).
- Draw the datum feature simulator for an internal FOS datum feature
(RFS tertiary).
Describe coaxial datum features.
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Goal

6-2 (pp. 153-165)

List two effects of referencing a FOS datum at MMC.

Describe a special-case FOS datum.

List two cases where a datum feature referenced at MMC is
simulated at a special-case FOS datum condition.

Explain the concept of datum shift.

Recognize when datum shift is permissible.

Calculate the amount of datum shift possible in a datum application.
Draw the datum feature simulator for an external FOS datum feature
(MMC primary).

Draw the datum feature simulator for an internal FOS datum feature
(MMC primary).

Draw the datum feature simulator for a FOS datum feature (MMC
primary with a virtual condition).

Draw the datum feature simulator for a FOS datum feature (MMC
secondary with a virtual condition).

Draw the datum axis when using a pattern of features of size as a
datum feature (MMC secondary).

Explain how changing the datum reference sequence in a feature
control frame affects the part and gage.
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Design Tip
To specify an axis
or centerplane as a
datum, the datum
identification symbol
must be associated
with a FOS.

FOS DATUM FEATURES

Specifying an Axis or Centerplane as a Datum

A FOS is specified as a datum feature by associating the datum identifica-
tion symbol with the FOS. When a FOS is specified as a datum feature, it
results in an axis or centerplane as a datum. There are five common ways
to specify an axis or centerplane as a datum. They are:

1. The datum identification symbol can be touching the surface of a
diameter to specify the axis as a datum. (See Figure 6-1A.)

2. The datum identification symbol can be touching the beginning
of a leader line of a FOS to specify an axis datum. (See Figure
6-1B.)

3. The datum identification symbol can be touching a feature
control frame to specify an axis or centerplane as a datum. (See
Figure 6-1C.)

4. The datum identification symbol can be in line with a dimension
line and touching the extension line on the opposite side of the
dimension line arrowhead of a FOS to specify an axis or a
centerplane as a datum. (See Figure 6-1D.)

5. The datum identification symbol can replace one side of the
dimension line and arrowhead. When the dimension line is
placed outside the extension lines of a FOS dimension, it
specifies an axis or centerplane as a datum. (See Figure 6-1E.)
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A (Axis as a datum) B (Axis as a datum) C (Axis as a datum)

42—
ﬁ}al ©
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8.0

D (Centerplane as a datum) E (Centerplane as a datum)

FIGURE 6-1 Specifying an Axis or Centerplane as a Datum
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Datum Terminology

When a diameter is designated as a datum feature, the datum axis is de-
rived from placing the part in a datum feature simulator (gage elements).
Figure 6-2 shows the terminology used to describe the various elements in
a datum axis application. The datum feature is the surface of the part. The
gage element that holds the part datum feature is the datum feature
simulator; it is considered the true geometric counterpart of the datum
feature. The axis of the gage element that holds the part datum feature is
the simulated datum axis and is considered to be the datum axis. The
datum axis becomes the origin of measurement for dimensions that are
related to the datum.

Drawing

Actual Part

s

Gage Element for Establishing Datum Axis A (RFS)

Datum feature simulator
: L {Gage element)
Datum feature A — s
e Simulated datum axis A
(Considerad as datum
¥ axis A)

S Simulated datum feature A

(Considered as true geometric
counterpart)

FIGURE 6-2 Datum Terminology

Referencing FOS Datum Features

When using FOS datum features on drawings, the material condition for
establishing the datum axis or centerplane must be communicated. This is
typically done through feature control frames that reference the FOS da-
tum features. The feature control frame indicates both the material condi-
tion (MMC, LMC, or RFS) and the datum sequence (primary, secondary,
or tertiary). Whenever a FOS datum feature is referenced in a feature con-
trol frame, without showing any modifier, it is automatically referenced in
the RFS condition. This condition results from Rule #2.
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For more info. . .
The terminology used
here is defined in
Chapter 5, pages
115-16.
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TECHNOTE 6-1 Referencing FOS Datum Features

When referencing FOS datum features, the following items apply:
- The datum sequence must be specified.
- The material condition (MMC or LMC) must be specified.
- If no material condition is specified, RFS is the default
condition.

FOS DATUM FEATURE APPLICATIONS (RFS)

Design Tip
When a diameter (or
width) is used to
establish a datum axis
(or centerplane) RFS
primary, its length
must be sufficient to
| establish a repeatable
relationship
(orientation) with the
gage. For example, a
hole in a stamping
(like the one shown in
Figure 5-12) would
not have sufficient
length to be used as a
primary datum.

Datum selection and referencing are directly related to the function of the
part. Usually the features that orient and locate the part in its assembly
become the datum features for the part.

Datum Axis RFS Primary

Where a diameter is designated as a datum feature and referenced in a
feature control frame at RFS, a datum axis is established. The datum axis
is established through physical contact between the inspection equipment
and the datum feature. A datum feature simulator surrounds (or fills) the
diameter. Devices that are adjustable in size—such as a precision chuck,
| collet, or centering device—are used as the datum feature simulator (true
geometric counterpart). The datum feature simulator holds the part se-
curely on the datum feature. The axis of the datum feature simulator be-
comes the datum axis and establishes the orientation of the part. Figures 6-
3A and 6-3B show examples of an external and internal diameter used to
establish a primary datum axis RFS.

For more info. . .
Sce Y 14.5 Paragraph
453.
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Gage Element for Establishing Gage Element for Establishing
Datum Axis B Datum Axis B
Datumn axis Datum axis (Axis of datum
— (Axis of datum feature feature simulator)
simulator)
\ Datum feature simulator _i"' e 3
(Adjustable gage) V2222220~ .
Datum featura simulator
- Part (Adjusiable gage)

FIGURE 6-3 Primary Datums RFS
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Datum Centerplane RFS Primary

When a parallel plane FOS is designated as a datum feature and referenced
in a feature control frame at RFS, a datum centerplane is established. The
datum centerplane is established through physical contact between the in-
spection equipment and the datum feature. A datum feature simulator sur-
rounds (or fills) the FOS. Devices that are adjustable in size, such as con-
tracting or expanding parallel plates, are used as the datum feature simu-
lator (true geometric counterpart). The datum feature simulator holds the
part securely on the datum feature. The centerplane of the datum feature
simulator becomes the datum centerplane and establishes the orientation of
the part. Figures 6-4A and 6-4B show examples of an external and internal
FOS used to establish a primary datum centerplane RFS.
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Gage Element for Establishing Gage Element for Establishing
Datum Centerplane C Datum Centerpiane C
; Datum feature simulatar
Datumn featurs simulator (Adjustable gage]__ (Adjustabla gage)

rﬂ;ﬂ :

_Y— Dalum centerplane C
Datumn centerplana C (Centerpiana of datum
(Centerplang of datum featura simuiator) 2 faature simulator)

FIGURE 6-4 Primary Datums RFS

TECHNOTE 6-2 Primary Datum RFS

When a FOS is used as a datum feature and referenced as a primary
datum RFS, the following applies:

- An adjustable gage element is needed to simulate the true
geometric counterpart of a datum feature.

- The part is oriented by the gage.

- The part is held securely in the gage.
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Design Tip
UsingaFOS as a
primary datum feature
at RFS is expensive.
RFS datum references
should only be
specified when the
function of the part
would benefit.




Chapter 6 - Datums (Axis and Centerplane)

For more info. . .
See Paragraph 4.5.3C
of Y14.5.

Datum Axis RFS Secondary

When a part is oriented by a surface and located by a diameter, it is com-
mon to have the surface and diameter designated as datum features. Figure
6-5 shows an example. When referencing the datums with the face primary
and the diameter secondary (RFS), the following conditions apply:

- The part will have a minimum of three-point contact with the
primary datum plane.

- The secondary datum feature simulator will be adjustable in size.

- The datum axis is the axis of the datum feature simulator.

- The datum axis is perpendicular to the primary datum plane.

- A second and third datum plane will be associated with the datum
axis.

If an angular and/or rotational relationship is important, a tertiary datum is
necessary.

Drawing b——
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Gage Elements for Establishing Datums A & B

F Datum Axis B

t_i‘) Datum feature simulator
(90° to datum plane A
expanding diameter)

Datum plane A
(Surface plate as datum
feature simulator)

FIGURE 6-5 Datum Axis RFS Secondary
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Datum Axis RFS Secondary,
Datum Centerplane RFS Tertiary

When a part is oriented by a surface, located by a diameter, and has an
angular relationship relative to a FOS, it is common to have the surface,
diameter, and FOS designated as datum features. Figure 6-6 shows an
example. When referencing the datums with the face primary, diameter
secondary (RFS), and slot tertiary (RFS), the following conditions apply:

- The part will have a minimum of three points of contact with the
primary datum plane.

- A datum axis perpendicular to the primary datum plane will exist.

- A datum centerplane that will pass through the datum axis and be
perpendicular to the primary datum plane will exist.

Drawing

iﬂ}lﬁif-?ﬁ@“!fl_ﬂ

Gage Element for Establishing Datums A, B, & C

Datum axis B
:f Datumn feature simulator

Datum - (80 to datum plane A
centerplane C N\ - i expanding diameter)

Datum feature simulator
(20° to datum plane A and
through datum axis B)

Datum plane A
(Surface plate as datum
feature simulator)

FIGURE 6-6 Datum Axis RFS Secondary, Datum Centerplane RFS Tertiary
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For more info. . .
An example of coaxial
diameters referenced
at MMC is shown in
Figure 8-16.

Datum Axis from Coaxial Diameters, RFS Primary

For some parts, it is desired to create a single datum axis from two coaxial
diameters. Coaxial diameters are two (or more) diameters that are shown
on the drawing as being on the same centerline (axis). When coaxial di-

ameters are used to establish a datum axis, they are called coaxial datum
features.

The method shown in Figure 6-7 may be used to establish a datum axis
from coaxial datum features. In this drawing, each coaxial diameter is
designated as a datum feature; the datum reference letters (separated by a
dash) are then entered in one compartment. The datum axis is established
by the two coaxial diameters. The datum axis is simulated by contacting
the high points of both datum features simultaneously. Coaxial diameters
are often used when both datum features have an equal role in locating the
part in its assembly. A single datum axis from two coaxial diameters is
normally used as a primary datum.

XX
? xx.x
o5 ] 204
o | os |a-B r g 209
r Za0
A — o >
b s

Gage Elements for Establishing Datum Axis A - B

Datum feature simulator for datum B
(Adjustable gage)

Datum feature simulator for datum A
(Adjustable gage)

FIGURE 6-7 Datam Axis From Coaxial Diameters RFS Primary
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FOS DATUM FEATURE REFERENCED AT MMC

Effects of Specifying the MMC Modifier

Where a FOS datum is referenced at MMC, the gaging equipment that
serves as the datum feature simulator is a fixed size. The datum axis or
centerplane is the axis or centerplane of the gage element. The size of the
true geometric counterpart of the datum feature is determined by the speci-
fied MMC limit of size or, in certain cases, its MMC virtual condition.

Referencing a FOS datum at MMC has two effects on the part gaging:

1. The gage is fixed in size.
2. The part may be loose (shift) in the gage.

Figure 6-8 shows an example-of a FOS datum feature referenced at MMC.
Note that the datum feature simulator (gage element) that represents the
true geometric counterpart is a fixed size. It is equal to the MMC of the
datum feature.

Drawing

J
88
@
8.4
@ 12.6

e

e il i R S

Gage for Establishing Datum Axis A

Gage
\ — Datum axis A

h"i = F‘art_ / @126

Fixed gage

FIGURE 6-8 Effects of Using the MMC Modifier
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Design Tip
Using the MMC
modifier reduces
manufacturing and
gaging expense.
When the function of
part features is
assembly, the MMC
maodifier is often used
in the datum
references of a
geometric control.

For more info. . .
See Paragraph 4.5.4
of Y14.5.
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Chapter 6 - Datums (Axis and Centerplane)
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A special-case FOS datum is when a FOS datum feature is referenced at Datum Shift
MMC, but simulated in the gage at a boundary other than MMC. There are i
two cases where special-case FOS datums apply: Whenever a FOS datum feature is referenced at MMC, the gage element
(datum feature simulator) that simulates the perfect feature counterpart is
1. Where a straightness control is applied to a FOS datum feature fixed in size. Since the gage is fixed in size, but the part datum feature
‘ 2. Where secondary or tertiary datum features of size in the same may vary within its size limits, there may be some looseness between the
| datum reference frame are controlled by a location or orientation part and the gage. Datum shift is the allowable movement, or looseness,
control with respect to this higher ranking datum between the part datum feature and the gage. Datum shift may result in
additional tolerance for the part.
Figure 6-9 shows examples of the two cases for special-case FOS datums. For more info. . .

Figure 6-10 shows an example of datum shift. When a part datum feature | See Paragraph 4.5.6.3
is at MMC, there is no datum shift allowed. As the actual mating envelope | of Y14.5.

- of the part datum feature departs from MMC towards LMC, a datum shift

? 84 128 becomes available. The amount of datum shift is equal to th h
. @2 % qual to the amount the
® . datum feature departs from MMC. The maximum amount of datum shift
B B possible is equal to the difference between the gage size and the LMC of

the datum feature. The chart in Figure 6-10 shows the amount of datum
shift for various datum feature sizes.

Case it 1 - Straightness Applied to a Datum Feature

Gage Element for Establishing Datum Axis A

{ For more info. . .

— Gage ;
| See Paragraph 4.5.4.1 '/ Datum axis A
of Y14.5. TR : 88
[ ——— T P4 o 128
- : - Fixed size (WCB)

2

7 a

Case #2 - Orientation with Respect to the Higher Ranking Datum

Gage Element for Establishing Datum Axis A

Datum axis A
126 : T T e
/B e i
TS s T |

i Part
i
S

For more info Diametral
i AME of Datum :
See Paragraph 4.5.4.2 Feature A D:t‘;.usrgial:ﬂ
|4 of Y14.5.
I | MMC ?12.8 0.0
| B12.4 0.2
! ?12.2 0.4
:| LMC % 12.0 0.6
i

FIGURE 6-10 Datum Shift

FIGURE 6-% Special-Case FOS Datum Examples
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O

~L

Author’s Comment

| Datum shift is not
| available on features

of size that are gaged
simultaneously. For
example, there is no
datum shift between
the holes of a pattern
of holes.

O

ﬁj}

Author’'s Comment |

The datum shift
concept also applies
when an LMC

modifier is used.

Datum shift is similar to bonus. Like bonus, datum shift is an additional
tolerance that is available under certain conditions. The actual amount of
datum shift for a part can be additive to the stated tolerance in the feature
control frame. The chart in Figure 6-11 shows how datum shift can result
in additional tolerance for a part feature.

Positional tolerance
Possible bonus tolerance
Possible shift tolerance

Total
i R

possible tolerance

128

8.4 @

Simulated Datum
Gage
f /7 Datum axis A

[~ Pant i
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—nn_ e

The datum shift concept also applies with special-case FOS datums. When
a special-case FOS datum is involved with datum shift, it can increase the
amount of additional tolerance permissible. The chart in Figure 6-12 shows
the amounts of datum shift available for various actual mating sizes of the
datum feature. Note that when the datum feature is at MMC, there may be
datum shift available. The amount of datum shift available is equal to the
difference between special-case FOS datum and MMC when the datum
feature is at MMC. In the case of a special-case FOS datum, datum shift
only exists if the datum feature is straighter than its allowable straightness
error.

s Y
) /' (smenrw -

[ 1

Simulated Datum = Gage

/ —— Datum axis A
| 4 /
2

R
F_rn | 4 i

Author’s Comment
The datum shift
concept for a special-
case FOS datum also
applies when the
LMC modifier is
used.

FIGURE 6-11 Datum Shift Example

TECHNOTE 6-3 Datum Shift

- Datum shift can result in an additional tolerance for a geometric
tolerance.

- Datum shift is only permissible when an MMC modifier is
shown in the datum portion of the feature control frame.

- Datum shift results when the AME of the datum feature departs
from MMC.

- The maximum allowable datum shift is the difference between
the gage size (for the datum) and the LMC size of the datum
feature.
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Actual Mating Size D[:tin.;eg:jlﬂ
of Datum Feature A Possible
| _912.8- | 0.0 Datum Shift = Gage Size - Actual Mating Size
MMC #1286 L 0.2
@12.4 . —EA
@122 08
LMC 2120 | 0.8 -

FIGURE 6-12 Datum Shift for Special-Case FOS Datums

TECHNOTE 6-4 Datum Shift for Special-Case FOS Datum

When a special-case FOS datum is referenced at MMC, datum
shift may be possible when the datum feature is at MMC.
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FOS DATUM FEATURE APPLICATIONS (MMC)

Datum Axis MMC Primary

When a diameter is designated as a datum feature and referenced in a fea-
ture control frame as primary at MMC, a fixed-gage element may be used
as the datum feature simulator. The size of the fixed-gage element is equal
to the MMC (or in certain cases, worst-case boundary) of the datum fea-
ture. The datum axis is the axis of the datum feature simulator. Depending
upon the actual mating size of the datum feature, a datum shift may be
available. An example of an external diameter as a datum feature, refer-
enced as primary at MMC, is shown in Figure 6-13A. An example of an
internal diameter as a datum feature, referenced as primary at MMC, is
shown in Figure 6-13B.

A External FOS as a Datum Feature B Internal FOS as a Datum Feature
@ 128 XXX ESEIOIE®)
120 1—525 XXX @ g_g
eyt v R
—r  ——
[ Y
o~
Simulated Gage Simulated Gage

Datum axis Datum axis
(Axis of gage) ; (Axis of gage)
Datum feature simulator : n
(Fixed size ©12.6 :
e gage element) Part
Gage | \ Datum feature simulator

Part (Fixed size @6 gage pin)

FIGURE 6-13 Datum Axis MMC Primary
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Datum Centerplane MMC Primary

When a FOS that consists of parallel planes is designated as a datum fea-
ture and referenced in a feature control frame as primary at MMC, a fixed-
gage element may be used as the datum feature simulator. The size of the
fixed-gage element is equal to the MMC (or in certain cases, worst-case
boundary) of the datum feature. The datum centerplane is the centerplane
of the datum feature simulator. Depending upon the actual mating size of
the datum feature, a datum shift may be available. An example of an inter-
nal FOS as a datum feature, referenced as primary at MMC, is shown in
Figure 6-14A. An example of an external FOS as a datum feature, refer-
enced as primary at MMC, is shown in Figure 6-14B.

A Internal FOS as a Datum Feature B External FOS as a Datum Feature
128
i g
KX XHX
KICIOED
- - - — —— 4 - —— —— —— ——
Simulated Gage Simulated Gage
Datum feature simulator
Datum feature simulator - : 4
{Fixed size 12 wide gage element) * L ; (Fixed size 20.4 wide
idiie i gage element)
: ; T\— Datum centerplane C
Datumn centerplane C e 7 (Centerplane of gage)
(Centerplane of gage) e

FIGURE 6-14 Datum Centerplane MMC Primary
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Datum Axis MMC Secondary

When a part is oriented by a surface and located by a diameter, it is com-
mon to have the surface and diameter designated as datum features. Figure
6-15 shows an example. When referencing the datums with the face pri-
mary and the diameter secondary (MMC), the following conditions apply:

- The part will have a minimum of three-point contact with the
primary datum plane.

- The datum feature simulator will be a fixed size, in this case, the
worst-case boundary of datum feature B.

- The datum axis is the axis of the datum feature simulator.

- The datum axis is perpendicular to the primary datum plane.

- Depending upon the datum feature actual mating size, a datum shift
may be available.

If angular relationship is important, a tertiary datum is necessary.

Drawing
5186 [2]
18.0 i
| [go2M|A] 107 [*
% }I -----
Res 2140
[ & [202@[A[s@)]

Simulated Datums

L]_) Datum feature simulator

(90° to datum plane A
fixed-size & 17.8 diameter)

Datum plane A
(Surface plate as datum
feature simulator)

FIGURE 6-15 Datum Axis MMC Secondary

160

Chapter 6 - Datums (Axis and Centerplane)
R R RS L TR e T LT e e e O A PR

Datum Axis Secondary,

Datum Centerplane Tertiary (MMC)

When a part is oriented by a surface, located by a diameter, and has an
angular relationship relative to a FOS, it is common to have the surface,
diameter, and FOS designated as datum features. Figure 6-16 shows an ex-
ample. When referencing the datums with the face primary, diameter sec-
ondary (MMC), and slot tertiary (MMC), the following conditions apply:

- The part will have a minimum of three points of contact with the
primary datum plane.

- The datum feature simulators will be fixed-size gage elements.

- The datum axis is the axis of the datum feature simulator.

- The datum axis is perpendicular to the primary datum plane.

- Depending upon the datum feature’s actual mating size, a datum
shift may be available. -

- Second and third datum planes are to be associated with the datum
axis.

- The tertiary datum centerplane is the centerplane of the tertiary
datum feature simulator.

Drawing

14.4
2440

[©[go2@[A[e@[c@]

Simulated Datums /f Datum axis B

Datum feature simulator
(80" 1o datum plana A
fixed size @17.8 gage element)

Datum feature simulator
{90° to datum plane A and through
datum axis B fixed-widith 12)

Datum plane A
(Surface plate as datum
feature simulator)

FIGURE 6-16 Datum Axis MMC Secondary, Datum Centerplane Tertiary
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9

Author’'s Comment
Using a pattern of
holes as a datum
feature is only intro-
duced in this text;
however, it is a
common OCCUrrence

in industry.

Design Tip
When using a pattern
i of features as datum
| features, they must be
|
|

referenced at MMC in
feature control frames
that reference them.

For more info. . .
See Paragraph 4.5.8 of
Y14.5.

Datum Axis from a Pattern of Holes, MMC Secondary

When a part is oriented by a surface and located by a hole pattern, it is
common to have the surface and the hole pattern designated as datum fea-
tures. Figure 6-17 shows an example. When referencing the datums with
the face primary and a hole pattern secondary (MMC), the following con-
ditions apply:

- The part will have a minimum of three points of contact with the
primary datum plane.

- The datum feature simulators will be fixed-size gage elements equal
to the virtual condition of each hole diameter. In this case,
individual datum axes are established at the basic location of each
hole. Datum axis B is at the theoretical center of the pattern. A
second and third datum plane exist from the datum axis.

- When the part is mounted on the primary datum surface, the pattern
of holes establishes the second and third datum planes of the datum
reference frame. A tertiary datum reference is not necessary since all
six degrees of freedom are controlled.

Depending upon the actual mating size and actual location and orientation
of the datum features, datum shift may be available.

When using a pattern of holes as a datum feature, the spacing between the
holes and the squareness of the holes needs to be specified. This is often

done by using a tolerance of position control with a single datum refer-
ence.
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Drawing
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Logs \
4)(&'2’5
]$|Q04®|A‘ | ‘_@];402@‘;“

Simulated Datums

Datum feature simulator
(4 fixed size & 4.2 WCB gage pins)

Datum axis B

Gage Datum feature simulator for datum plane A

FIGURE 6-17 Datum Axis from a Pattern of Holes MMC Secondary

Datum Sequence

When interpreting datum reference frames that involve both feature of size
datum features and planar datum features, the datum sequence plays a
major role in the final part tolerances. In the top section of Figure 6-18, the
datum portion of the feature control frame is left blank. In the bottom por-
tion of Figure 6-18, the datum reference frame is completed in three dif-
ferent possible sequences.
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For more info. . .
See Paragraph 4.5.6
of Y14.5.
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-—] L— Adjustable -] |~7 Adjustable -—l |-— Fixed gage
gage gage Datum feature

simulator for
datum plane B

VC= @102

FIGURE 6-18 Datum Sequence Application

In panel A, the datum sequence is A primary at RFS and B secondary.

An adjustable gage is required, and no datum shift is permissible on
datum feature A.

The part is oriented in the gage by datum feature A.

Datum feature B will have a minimum of one point of contact with
its datum feature simulator.

The orientation of the holes will be relative to datum axis A.

In panel B, the datum sequence is B primary and A secondary at RFS.

Datum feature B will have a three-point contact with its datum
plane.

The part is oriented in the gage by datum feature B.

The orientation of the holes will be relative to datum plane B.

An adjustable gage is required, and no datum shift is permissible on
datum feature A.

In panel C, the datum sequence is B primary and A secondary at MMC.

When simulating datum A, a fixed gage is allowed, and the gage
allows datum shift.

Datum feature B will have a three-point contact with its datum
plane.

The part is oriented in the gage by datum feature B.

The orientation of the holes will be relative to datum plane B.
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Summary
A summarization of datum information is shown in Figure 6-19.

Is applicable when

Concept Can be applied to a datum is referenced at

Datum Shift

Datum Targets

@ Modifier

* Per Rule #2
FIGURE 6-19 Summarization of Datums

VOCABULARY LIST

New Terms Introduced in this Chapter
Coaxial datum features

Coaxial diameters
Datum shift
Special-case FOS datum s

ADDITIONAL RELATED TOPICS

Topic ASME Y14.5M-1994
Reference
e Specifying datum features Paragraph 4.5.5
at LMC
e Screw threads, gears, and Paragraph 4.5.9

splines as datum features

e Simultaneous requirement Paragraph 4.5.12
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Study Tip
Read each term, If
you don’t recall its
meaning, look it up
in the chapter.

Author’s Comment
These topics, plus
advanced coverage of
many of the topics
introduced in this
text, will be covered
in my new book on
advanced GD&T
concepts.
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QUESTIONS AND PROBLEMS

7. Use the drawing below. For the feature control frame shown, draw the datum feature
simulator for establishing datum axis A.

Use the word list on the right to fill in the blanks. (There are more words than blanks.)

1. Two FOS types that can be used as a datum features are and
Word List ]
2. When a diameter is used as a datum feature, a datum is Axis 88
established. When a planar FOS is used as a datum feature, a datum Centerplane 2
is established. g}ametf%f i
| mension 0 S |y 1 N———— -
| . . s i B = ()
' 3. Two ways a feature control frame can communicate the size condition for a E:::f::;mml ________ i | \‘?]
datum reference are and the use of a material condition frame ¥
Hidden
Leader |z 188
4. Three ways a diameter can be specified as a datum feature are: Modifier 16.6
| Plana (1 I
| - The datum identification symbol can be touching the ofa | Point
' diameter. Rule #1
- The datum identification symbol can be touching the beginning of a Rule #2
line. Surface

- The datum identification symbol can be touching a

8. Use the drawing below. For the feature control frame shown, draw the datum feature
5. Two ways a planar FOS can be specified as a datum feature are: simulator for establishing datum plane B and datum axis A.
) ;

- The datum identification symbol can replace one side of a
': line and arrowhead.
- The datum identification symbol can be touching the line
} on the opposite side of the dimension line arrowhead of a FOS.

6. For the feature control frame shown below, draw the datum feature simulator for establishing

|| datum axis A.
'|

70.4
" 1
| 69.8
| |
. 16.8 '
i | % 168 s - !
I | v |
| r o8
A
2] T T~
|
|
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9. Use the drawing below. For the feature control frame shown, draw the datum feature 15. Use the drawing below. For the feature control frame shown, draw and dimension the
simulator for establishing datum plane B, datum axis A, and datum centerplane C. datum feature simulator for establishing datum axis A.
4.2
? 40
L[ [efa]c]
— g 84_
6.0
L[ [»®]
= 50.4 A
| S H® oot ) . :
; v e il -

I_
B

10. Describe the term, “coaxial datum features.”

4

16. Using the drawing below, draw and dimension the datum feature simulator for establishing
i 11. Explain the effect of using an MMC modifier in the datum portion of a feature control datum axis A. :

frame.

12. Describe the concept of “datum shift.”

' 13. List two cases where a datum feature referenced at MMC is simulated at special-case FOS
datum.

14. In a feature control frame, what denotes that datum shift is permissible?

f‘ 168 169
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19. Use the drawing below. For the feature control frame shown, draw and dimension the datum
feature simulator for establishing datum axis B.

17. Using the drawing below, draw and dimension the datum feature simulator for establishing
datum axis A.

T 104
! i ? 103
_ 18. Use the drawing below. For the feature control frame shown, draw and dimension the i [ &[22 @[A[e@)|
|} datum feature simulator for establishing datum axis A. ‘:
| i
| I
lI |
i
! 8.8
'. P 54
| i . .
i 20. Fill in the chart below.
AU Y B e Using the drawing from The maximum permissible
i | question. .. datum shift is. . .
i l 16.8 12
2 16.6 : 16
A
[ | @ | 17
I | 18
' | 19

|
170 171




Chapter 6 - Datums (Axis and Centerplane)

21. Using the drawing below, draw the part on the datum feature simulator to represent the
specified datum sequence for the positional tolerance labeled 1" and for the positional
tolerance labeled “2.”

26.8
?_ A 2 2%.0

| |goM)|A

146
D 142

& Ale]
1§ | [B[A

Datum feature simulator for Datum feature simulator for

positional tolerance callout @ positional tolerance callout @
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22. Using the drawing below, specify the datums according to the following instructions:

Specify the axis of the 12.2 dia. as datum B.

Specify the centerplane of the 12.0 slot as datum C.
Specify the pattern of two 6.4-6.8 dia. holes as datum D.
Specify the centerplane of the 38.0-38.6 width as datum E.
Specify the axis of the 4 dia. hole as datum F.

$122+02

386
38.0

—_—
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Orientat

Drawing Meaning

|4— 0.2 wide tolerance zone *
|

Datum plane A

* The entire surface must lie between
two parallel planes spaced 0.2 apart
and are exactly 90° to datum plane A.
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Chapter 7 - Orientation Controls

Design Tip
Remember—
orientation controls do
not locate features.

INTRODUCTION

This chapter explains the concepts involved in defining the orientation of
part features. An orientation control defines the perpendicularity
(squareness), angularity, and parallelism of part features. Orientation
controls are used when the limits prescribed by other dimensions and
geometric controls do not provide sufficient control for the function or
interchangability of a product. Orientation controls must contain a datum
reference. The three orientation controls and their symbols are shown in
Figure 7-1.

_|_ Perpendicularity < Angularity // Parallelism

45°

i \ |
f 1 [ ;
Perfect Perpendicularity : —Perfect Parallelism

! Perfect Angularity '

I
\ |
Su.r!aoe with Angularity Error Surface with Parallelism
I [ Error

Surface with
Perpendicularity
Error

FIGURE 7-1 Orientation Controls

CHAPTER GOALS AND OBJECTIVES

There are Three Goals in this Chapter:
7-1. Interpret the perpendicularity control.
7-2. Interpret the angularity control.
7-3. Interpret the parallelism control.
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Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 7-1 (pp. 178-186)

- Describe what controls the tolerance on implied right angles.

- Describe two common tolerance zone shapes for a perpendicularity
control.

- Describe the tolerance zone for a perpendicularity control applied to
a planar surface.

- Explain how perpendicularity of a surface affects the flatness of the
surface.

- Explain the effects of using multiple datum references with a
perpendicularity control.

- Explain how to control the perpendicularity of the axis/centerplane
of a FOS.

- Determine when a pcrpendzculanty control affects the WCB of a FOS.

- Draw a gage for verifying perpendicularity at MMC.

- List two indirect perpendicularity controls.

- Determine if a perpendicularity specification is legal.

- Describe how a perpendicularity control could be inspected.

Goal 7-2 (pp. 187-191)
Describe the tolerance zone for an angularity control applied to a
surface.
- Describe two common tolerance zone shapes for an angularity
control.
- Explain how angularity of a surface affects the flatness of the surface.
- Determine when an angularity control affects the WCB of a FOS.

- Explain how to control the angularity of the axis/centerplane of a FOS.

- List two indirect angularity controls.
- Determine if an angularity specification is legal.

Goal 7-3 (pp. 192-198)
Describe how parallelism is controlled when no symbol is shown.
- Describe the tolerance zone for a parallelism control applied to a
surface.
- Describe two common tolerance zone shapes for a parallelism control.
- Describe how to locate the tolerance zone for a parallelism applied
to a surface.

- Explain how parallelism of a surface affects the flatness of the surface.
- Explain how to control the parallelism of the axis/centerplane of a FOS.

- Determine when a parallelism control affects the WCB of a FOS.
- Interpret the effects of using the tangent plane modifier with a
parallelism control.
- List two indirect parallelism controls.
- Determine if a parallelism specification is legal.
177

Study Tip
Take a few minutes
to fully understand
these objectives.
When reading this
chapter, look for
information to help
you master these
objectives.
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Author's Comment |
My experience
indicates that in many
cases implied 90°
angles are not verified
during inspection.
This leads me to

| believe that it is better
to specify the
tolerance on implied

| 90° angles whenever
possible.

Design Tip
Analyze all implied
90° angles to
determine how much
tolerance each angle
could have based on
the function of the
part. Remember,
tolerances should be
as large as possible to
keep manufacturing
costs low,

|

PERPENDICULARITY CONTROL

| Implied Right (90°) Angles

Wherever two lines on a drawing are shown at 90°, they are an implied 90°
angle. The tolerance for an implied 90° angle comes from the titleblock
tolerance (on some drawings it is contained in the general notes). See
Figure 7-2A. This method works satisfactorily for some drawings, but it
contains two shortcomings. First, the tolerance zone is fan-shaped; it
increases the farther it gets from the origin of the angle. The second
shortcoming is that implied 90° angles lack a datum reference; the part
could use either side of the 90° angle to begin the measurement, which
may affect functional relationships.

In Figure 7-2B, the part could be inspected in two different ways: using the
long side as the datum feature to check the angular relationship of the short

side, or using the short side as the datum reference to check the angular
relationship of the long side.

A ’-olsoxn.s —-—-—|

UNLESS OTHERWISE SPECIFIED ANGLES £ 2°

B Should the part be inspected from the short side or from the long side?

— [“h— 4" tolerance zone

bt
H! The tolerance zone becomes larger as the
ili distance from the surface plate mcreases

1
HE e 4°

il b

E o o

FIGURE 7-2 Implied Right (90°) Angles
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TECHNOTE 7-1 Implied 90° Angles

Unless otherwise specified, the tolerances on implied 90° angles
are controlled by the titleblock tolerance (or in a general note).

Definition of Perpendicularity

Perpendicularity is the condition that results when a surface, axis, or
centerplane is exactly 90° to a datum. A perpendicularity control is a
geometric tolerance that limits the amount a surface, axis, or centerplane is
permitted to vary from being perpendicular to the datum.

Perpendicularity Tolerance Zones
The two common tolerance zones for a perpendicularity control are:

1. Two parallel planes
2. A cylinder

The following applications show these tolerance zones and discuss their
use.

Perpendicularity Applications
Most perpendicularity applications fall into one of three general cases:

1. Perpendicularity applied to a surface
2. Perpendicularity applied to a planar FOS
3. Perpendicularity applied to a cylindrical FOS
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For more info. . .
See Fundamental
Dimensioning Rule
#5 on page 12.

For more info. . .
See Paragraph 6.6.4.1
of Y14.5.
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In Figure 7-4, a perpendicularity control is applied to a surface. In this
application, the perpendicularity control contains two datum references.
When two datum references are used in a perpendicularity control, the
tolerance zone is perpendicular to two datum planes, and all the conditions
from Figure 7-3 apply.

In Figure 7-3, a perpendicularity control is applied to a surface. This is the
most common application of perpendicularity. When perpendicularity is
applied to a surface, the following four conditions apply:

1. The shape of the tolerance zone is two parallel planes that are
perpendicular to the datum plane.
2. The tolerance value of the perpendicularity control defines the

| distance between the tolerance zone planes. TECHNOTE 7-2 Perpendicularity Applied fo a Surface C‘
3. All the elements of the surface must be within the tolerance
zone, - The shape of the tolerance zone is two parallel planes that are

. The perpendicularity tolerance zone limits the flatness of the
toleranced feature.

perpendicular to the datum plane(s).

- The distance between the planes is equal to the perpendicularity

tolerance zone.

- All elements of the toleranced surface must be within the
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In Figure 7-5, a perpendicularity control that contains the MMC modifier
is applied to a planar FOS. This type of geometric control is often used to
ensure the function of assembly. When perpendicularity is applied to a
planar FOS and contains the MMC modifier, the following conditions

apply:

- The shape of the tolerance zone is two parallel planes that are
perpendicular to the datum plane.

- The tolerance value of the perpendicularity control defines the
distance between the tolerance zone planes.

- The centerplane of the AME of the FOS must be within the
tolerance zone.

- A bonus tolerance is permissible.

- A fixed gage may be used to verify the perpendicularity control.
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FIGURE 7-5 Perpendicularity Applied to a Planar FOS
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In Figure 7-6, a perpendicularity control that contains the MMC modifier
is applied to a cylindrical FOS. This type of geometric control is often
used to ensure the function of assembly. When a perpendicularity control
is applied to a cylindrical FOS, it controls the axis of the FOS. In Figure 7-
6, the following conditions apply:

- The tolerance zone is a cylinder that is perpendicular to the datum
plane.

- The tolerance value of the perpendicularity control defines the
diameter of the tolerance zone cylinder.

- The axis of the diameter must be within the tolerance zone (when
the FOS is at MMC).

- A bonus tolerance is permissible.

- The WCB of the diameter is affected.

- A fixed gage may be used to verify the perpendicularity control.

When calculating bonus tolerance for a FOS that is toleranced with an
orientation control, the actual mating envelope is oriented relative to the
primary datum.
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FIGURE 7-6 Perpendicularity Applied to a Diametrical FOS

A gage used to verify perpendicularity (at MMC) is shown in Figure 7-6. It
has a surface that serves as a simulated datum feature for datum plane A.
The gage contains a hole that verifies the perpendicularity of the hub
diameter. The gage hole diameter is equal to the virtual condition of the
hub.
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Figure 7-7 shows a legal specification flowchart for a perpendicularity
} TECHNOTE 7-3 Perpendicularity (at MMC) specification. This chart applies to RFS datum references only.
l Applied to a FOS
' - The tolerance zone is a cylinder or two parallel planes. ‘
\ - The axis or centerplane must be within the tolerance zone.
- A bonus tolerance is permissible. PSS
| - A fixed gage may be used to verify the perpendicularity control. (D) Are any datum references o ki
“ specified?
|I |
i |
v . " . Yes |
!l' When a perpendicularity control is applied to a surface, the WCB of the
4 toleranced surface is not affected. When a perpendicularity control is & e EanCan faahine
. R i ! shown 90° to the datums
i applied to a FOS, the WCB of the FOS is affected. The WCB of a FOS referenced?
! that is toleranced with an orientation control is oriented relative to the
'.i datums specified. () !s the perpendicularity 4 O
control applied to a surface L
! ora FOS?
iR
‘ | Indirect Perpendicularity Controls @) Are any of the following |
i There are several geometric controls that can indirectly affect the Té‘,’%’sé’iﬁf;e&
| ‘ perpendicularity of a part feature. Tolerance of position, runout, and This is an Author's Comment
. profile can limit perpendicularity; however, indirect perpendicularity s i e s;‘;‘;ﬁf;};n ;’;’:‘ﬁr;r?tpc:gﬁt; e
' |'! controls are not inspected. Their effect on perpendicularity is a result of PR TORRRCRg el pa;pe:;;marity applied l}; a cylin-
i : the part surface, axis, or centerplane being within the zone for the SOl drical FOS, it usually
| specified geometric control. If it is desired to have the perpendicularity of contains a diameter
' a part feature inspected, a perpendicularity control should be specified. If a Is the tolerance value a symbol modifier.
. e g o ) ) : e refinement of other geometric
perpendicularity Lontrql Is used, its tolt._erdnce: value should be less than the iisrances thatcontel the
tolerance value of any indirect perpendicularity controls that apply. perpendicularity of the
feature?
| (eg. &, ~ 270, D, =)
| ::_:egal S;pecification Test for a Perpendicularity figvrivce s i
{ ontro
For a perpendicularity control to be a legal specification, it must satisfy the FIGURE 7-7 Legal Specification Flowchart for Perpendicularity

following conditions:

i - A datum must be referenced in the feature control frame.
i - Ifit is applied to a surface, the projected tolerance zone, diameter,
. MMC, and LMC modifiers may not be used in the tolerance portion
B of the feature control frame. If it is applied to a FOS, modifiers may
| be used.
E - The tolerance value specified must be less than any other geometric
tolerances that control the perpendicularity of the feature (for
example, tolerance of position, total runout, concentricity, and
it profile).
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For more info. . .
An example of how to
gage perpendicularity
applied to a diameter
is shown in Figure 7-
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Author’s Comment
Additional measure-
ments could be
obtained by placing a
measuring device
through the holes on
the angle plate to
measure the gap
between the plate and
the part surface.

Inspecting Perpendicularity

Figure 7-3 shows a part with a perpendicularity specification. When
inspecting this part, three separate checks are required: the size of the
FOS, the Rule #1 boundary, and the perpendicularity requirement. Chapter
2 discussed how to check the size and Rule #1 boundary; now we will
look at how to inspect the perpendicularity requirement. One way to
inspect the perpendicularity control on the part from Figure 7-3 is shown
in Figure 7-8:

First, rest the part on the datum(s) specified, in this case datum A. Next, a
precision square is placed on the datum plane and is brought into contact
with the part surface being inspected. The gap between the precision
square and the part surface is the perpendicularity error of the part. A gage
wire with a diameter equal to the perpendicularity tolerance value is
slipped into the gap between the precision square and the part surface. If
the gage wire cannot fit into the gap, the surface is within its
perpendicularity tolerance value.

©

|
I
&—@ dia. gage wire j
1

Part from Figure 7-3

Pracision Square

Surface plate to
simulate datum
plane A

FIGURE 7-8 Inspecting Perpendicularity
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ANGULARITY CONTROL

Definition

Angularity is the condition of a surface, centerplane, or axis being exactly
at a specified angle. An angularity control is a geometric tolerance that
limits the amount a surface, axis, or centerplane is permitted to vary from
its specified angle.

Angularity Tolerance Zones
The two common tolerance zone shapes for an angularity control are:

1. Two parallel planes
2. A cylinder

Angularity Applications

Most angularity applications fall into one of two general cases:

1. Angularity applied to a surface, or
2. Angularity applied to a cylindrical FOS

4

TECHNOTE 7-4 Angularity Applied To A Surface

- The shape of the tolerance zone is two parallel planes.
- The tolerance zone is oriented relative to the datum plane with a
basic angle. _
- All of the elements of the surface must be within the tolerance
Zone.
- The angularity tolerance zone also limits the flatness of the
toleranced surface.

For more info. . .
See Paragraph 6.6.2
of Y14.5.

Author’s Comment
One aspect of
angularity that is of
concern to inspectors
is that the specified
tolerance is not in de-
grees, but in a parallel
plane tolerance zone.
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When an angularity control is applied to a surface, the WCB of the
toleranced surface is not affected. When an angularity control is applied to
a FOS, the WCB of the FOS is affected. The WCB of a FOS that is
toleranced with an orientation control is oriented relative to the datums
specified.
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In Figure 7-9, an angularity control is applied to a surface; this is the most
common application of angularity. In an angularity application, the part
feature being controlled must be dimensioned with a basic angle relative to
the datums specified. When angularity is applied to a surface, the
following conditions apply:

- The shape of the tolerance zone is two parallel planes.

- The angularity control tolerance value defines the distance between
the tolerance zone planes.

- All the elements of the surface must be within the tolerance zone.

- The tolerance zone is oriented relative to the datum plane by a basic
angle.

- The angularity tolerance zone also limits the flatness of the
toleranced surface.

S Ean

40° Yy
Txx |A O
—F
r 1

Tolerance zone is two parallel planes 0.4 apart

All elements of the part surface must lie within
the tolerance zone

FIGURE 7-9 Angularity Applied to a Surface
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In Figure 7-10, an angularity control is applied to a diametrical FOS. Note
the use of the diameter modifier in the tolerance portion of the feature
control frame. When angularity is applied to a diameter, it controls the
orientation of the axis of the diameter. In Figure 7-10, the following
conditions apply:

- The tolerance zone is a cylinder.

- The angularity control tolerance value defines the diameter of the
tolerance cylinder.

- The axis of the toleranced feature must be within the tolerance zone.

- The tolerance zone is oriented relative to the datum plane by a basic
angle.

- An implied 90° basic angle exists in the other direction.

- 41.*
e
s

{An implied
90° basic)

) Design Tip

Axis of hole must be When angularity is
within the tolerance zone Tolerance zoneis a . .
s 0.4 dlameter cylinder applied to a ha!c, it is
'''''' T usually used with two
i }/_Da""m pRnes datum references.

-l

e - -

d\i Datum plane A

FIGURE 7-10 Angularity Applied to a FOS

Indirect Angularity Controls

There are several geometric controls that can indirectly affect the
angularity of a part feature: tolerance of position, total runout, and profile
can limit angularity. However, indirect angularity controls are not
inspected, their effect on angularity is a result of the part surface, axis, or
centerplane being within the tolerance zone for the geometric control. If it
is desired to have the angularity or a part feature inspected, an angularity
control should be specified. If an angularity control is used, its tolerance
value should be less than the tolerance value of any indirect angularity
controls that apply.
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Legal Specification Test for an Angularity Control Verifying Angularity _ o ,
For an angularity control to be a legal specification, it must satisfy the Figure 7-9 shows a part with an angularity specification. Let's look at how
following conditions: to verify the angularity requirement.
- One or more datum planes, a datum axis, or centerplane must be Figure 7-12 shows one way the angularity control could be verified:
referenced in the feature control frame. . : ; .
- If it is applied to a surface, the projected toleranced zone, diameter, The part is moul}tcd on the gage equipment using a sine plate set at the
MMC, and LMC modifiers may not be used in the tolerance portion basic angle to bring the toleranced surface parallel to the surface plate. A
' of the feature control frame. (If it is applied to a FOS, modifiers may dial indicator is used to verify that the surface elements are within the
| be used.) angularity tolerance zone.
‘ - A basic angle must be specified relative to the datums referenced.
: - The tolerance value specified must be a refinement of any other Dial indicator reading

. " is the angularity error
geometric tolerances that control the angularity of the feature (for

: example, tolerance of position, runout, and profile).
Figure 7-11 shows a legal specification flowchart for an angularity control. o
The chart applies to RFS datum references only.

k 0.4 wide angularity
tolerance zone

Gage blocks

Surface plate
QUESTIONS

® Is a datum reference
specified?

| ® Is the angularity control

| O applied to a surface or v
| FQRe Part from Figure 7-9
1 }
I ~~ @ Are any of the following Sine plate used to orient part
: modifiers specified? surface to basic angle
D, P2 Thisis an
(@' (J £,2) ILLEGAL |
specification FIGURE 7-12 Verifylng Angularity
ofa
Author's Comment Vei angularity
When an angularity @) 1s the () modifier specified? @ ®) control.
|

cylindrical FOS, it

g.sua"y tontms 4 @ Is a basic angle shown
iameter symbol from the datum plane (or
modifier. axis) to the toleranced
feature?

control is applied to a
|

@. Is the tolerance value a
refinement of other geometric
tolerances which control the
angularity of the feature?
(e.g. @, S )

i | This is a LEGAL specification of &
angularity control.

1 i FIGURE 7-11 Legal Specification Flowchart for Angularity
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For more info. . .

See Paragraph 6.6.3 of
Y14.5,

PARALLELISM CONTROL

Implied Parallelism

Wherever two surfaces are shown to be parallel on a drawing, the size
dimension of the surfaces controls the parallelism between the surfaces
(see Figure 7-13). This method is satisfactory for some drawings, but it
contains two shortcomings. The first is that the parallelism requirement is
the same value as the size requirement. The second shortcoming is the lack
of a datum reference. In Figure 7-13, the part could be inspected from
cither side. This would produce different measurements by different
inspectors.

Implied parallelism
\ tolerance zone

Implied paralielism
tolerance zone

\— Implied datum

FIGURE 7-13 Implied Parallelism

TECHNOTE 7-5 Implied Parallelism

Unless otherwise specified, the parallelism of two surfaces shown as
parallel on a drawing is controlled by the limits of the dimension
between the surfaces.

Definition of a Parallelism Control
Parallelism is the condition that results when a surface, axis or
centerplane is exactly parallel to a datum. A parallelism control is a
geometric tolerance that limits the amount a surface, axis, or centerplane is
permitted to vary from being parallel to the datum.
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Parallelism Tolerance Zones
The two common tolerance zones for a parallelism control are:

1. Two parallel planes
2. A cylinder

The following applications show these tolerance zones and discuss their
use.

Parallelism Applications
Most parallelism applications fall into one of two general cases:

1. Parallelism applied to a surface, or
2. Parallelism applied to a diameter (MMC)

In Figure 7-14, a parallelisi control is applied to a surface. This is the
most common application of parallelism. When parallelism is applied to a
surface, the following conditions apply:

- The tolerance zone is two paralle] planes that are parallel to the
datum plane.

- The tolerance zone is located within the limits of the size dimension.

- The tolerance value of the parallelism control defines the distance
between the tolerance zone planes.

- All the elements of the surface must be within the tolerance zone.

- The parallelism tolerance zone limits the flatness of the toleranced
feature.

- — e — e — e — e — e — e — i — -

All elernents of the part
surface must be within
the tolerance zone

Tolerance zone is e
two paraliel planeal

0.1 apart & parailel

1o datum plane A

O
s

Author's Comment
The third tolerance
zone shape possible
for parallelism is two
parallel lines. It is

not very common,

and it is beyond the
scope of this text.
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I plane A. The gage also contains a pin that verifies the parallelism of the
: hole. The gage pin diameter is equal to the virtual condition of the hole Dia* | Parallelism | Bonus | Tolerance zone
, (10.2 - 0.1 = 10.1). The gage pin must slide to accommodate the tolerance AME | Tolerance | tol. diameter
' for the location of the hole.
| 10.2 0.1 0.0 0.1
| When a parallelism control is applied to a surface, the WCB of the 104 0.1 0.2 0.3
I toleranced surface is not affected. When a parallelism control is applied to — I Z10.1 10.6 0.1 0.4 0.5
' a FOS, the WCB of the FOS is affected. The WCB of a FOS that is P
toleranced with an orientation control is oriented relative to the datums T |
specified. F Adjustable to accommodate

In Figure 7-15, a parallelism control that contains the MMC modifier 1s g 106
applied to a cylindrical FOS. This type of geometric control is often used 102
to ensure the function of assembly. The parallelism control is applied to a 205 |/ [z01@[A]

diameter and contains the MMC modifier. The following conditions apply:

- The tolerance zone is a cylinder that is parallel to the datum plane.

- The tolerance value of the parallelism control defines the diameter
of the tolerance zone cylinder.

- The axis of the diameter must be within the tolerance zone (when
the FOS is at MMC).

- A bonus tolerance is permissible.

- A fixed gage may be used to verify the parallelism control.

- The WCB (or virtual condition) of the hole is affected.

When calculating bonus tolerance for a FOS that is toleranced with an
orientation control, the actual mating envelope is oriented relative to the
datums specified.

The gage for verifying parallelism (at MMC) is shown in Figure 7-15. The
gage contains a surface that serves as a simulated datum feature for datum
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Tolerance zone
(for MMC dia.*)

0.1 diameter cylinder

Axis of diameter must be within
tolerance zone

[ Datum plane A hole location tolerance

v

][

Gage for verifying parallelism of hole

FIGURE 7-15 Parallelism (MMC) Applied to a Diameter

TECHNOTE 7-6 Parallelism (at MMC) Applied to a FOS

The tolerance zone is a cylinder (or two parallel planes).

- The axis (or centerplane) must be within the tolerance zone.
A bonus tolerance is permissible.

A fixed gage may be used to verify the parallelism control.
The WCB of the FOS is affected.

I
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Author's Comment
The tangent plane
modifier can also be
used with the
perpendicularity and
angularity controls.

Design Tip
In many cases, using
the tangent plane
modifier can reduce
manufacturing costs,
When using an
orientation control,
evaluate the
requirements for the
form of the surface. If
the flatness tolerance
could be greater than
the orientation
tolerance, consider
using the tangent
plane modifier.

For more info. . .
See Paragraph 6.6.1.3
in Y14.5.

Parallelism with the Tangent Plane Modifier

Another use for a parallelism application is with the tangent plane
modifier. The tangent plane modifier denotes that only the tangent plane
established by the high points of the controlled surfaces must be within the
parallelism tolerance zone. When the tangent plane modifier is used in
parallelism callouts, the flatness of the toleranced surfaces is not
controlled. Figure 7-16 shows a parallelism application that uses the
tangent plane modifier. The following conditions apply:

- The tolerance zone is two parallel planes.

- The tangent plane established by the high points of the surface(s)
must be within the 0.1 parallelism tolerance zone.

- The flatness of the toleranced surface is not controlled by the
parallelism control.

Tangent plane of the
toleranced surface must

be within the tolerance Parallelism tolerance zone is two
[ parallel planes 0.1 apart. Zone may
el e v float between the max and min
T S T—— & dimensional limits.

{ \— Datum plane A

Flatness of surface is not
controlled by the parallelism control.

FIGURE 7-16 Parallelism with the Tangent Plane Modifier

TECHNOTE 7-7 Parallelism with the Tangent
Plane Modifier

When the tangent plane modifier is used in a parallelism control:

- Only the tangent plane of the toleranced surface must be within
the parallelism tolerance zone. -

- The flatness of the surface is not controlled by the parallelism
callout.
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Indirect Parallelism Controls

There are several geometric controls that can indirectly affect the
parallelism of a part feature: tolerance of position, total runout, and profile
can limit parallelism in certain cases. However, indirect parallelism
controls are not inspected; their effect on parallelism is a result of the part
surface, axis, or centerplane being within the zone for the specified
geometric control. If a parallelism control is used, its tolerance value
should be less than the tolerance value of any indirect parallelism controls
that apply.

Legal Specification Test for a Parallelism Control
For a parallelism control to be a legal specification, it must satisfy the
following conditions:

- One or more datum planes, a datum axis, or centerplane must be
referenced in the feature control frame.

- Ifit is applied to a surface, the LMC or MMC modifiers may not be
used in the tolerance portion of the feature control frame.

- The tolerance value specified must be less than any other geometric
tolerances that control the parallelism of the feature (for example,
tolerance of position, runout, and profile).

Figure 7-17 shows a legal specification flowchart for a parallelism control.

QUESTIONS

@ Is a datum reference
specified?

@ Is the toleranced feature
shown parallel to the datums
referenced?

® |s the parallalism control
applied to a surface or a
FOS?

@ Are any of the following This is an
modifiers specified? ILLEGAL
(M 0. B 2) specification
of a parallelism
control,
(®) is tne T modifier specried? ® T’sﬁ@
Ho
=
@ Is tha tolerance valua a T
refinement of other geometric

tolerances that control the
parallelism of the faature?
(e.g. size dim., &, £ )

Yes

This is a LEGAL specification of a
parallelism conirol.

FIGURE 7-17 Legal Specification Flowchart for Parallelism
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Author’s Comment
When a parallelism
control i1s applied to a
cylindrical FOS, it
usually contains a
diameter symbol
modifier.
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e

VOCABULARY LIST

Verifying Parallelism
Figure 7-14 shows a part with a parallelism specification. Let’s look at

how to inspect the parallelism requirement. New Terms Introduced in this Chapter

One way the parallelism controls could be inspected is shown in Figure

7-18: Angularity
. Angularity control Study Tip
. S B B : . Parallelism Read each term. 'lf
The part is placed on a surface plate. A dial indicator is used to find the Parallel; : o dou trecall its
maximum variation between the high and low points of the toleranced elIsim contrg meaning, look it up in
surface. The difference between the max. and min. dial indicator reading is Perpendicularity the chapter.

the parallelism error of the part surface. Perpendicularity control

Dial indicator reading is
parallelism error of the
surface

L_ Parallelism
i tolerance zone

Surface plate

ADDITIONAL RELATED TOPICS

Author's Commaent

Topic ASME Y14.5M-1994 These topics, plus

L Ppart from Figure 7-14 , Reference advanced coverage of
many of the topics

introduced in this text,

il FIGURE 7-18 Verifying Parallelism o

.' Use of notes to modify Paragraph 6.6.1 will be covered in my
, tolerance zones new book on
Summary advanced GD&T
. . . . o o concepts.
A summarization of orientation control information is shown in Figure e
7-19,
|
| Datum Can be appliedto a| Can affect | Canuse | Canbe Can use
| Symbol | reference [Suface | FOs | WCB @ or © | applied at @
required modifier RFS modifier
i3 Yes Yes Yes Yes* Yes* Yes** Yes®
I = Yes Yes Yes Yes* Yes" Yes™ Yes®
!
| V74 Yes Yes Yes Yes* Yes* Yes** Yes®
I * When applied to & FOS ** Automatic per Rule #2 ® \When applied to a surface
| FIGURE 7-19 Summarization of Orientation Controls
199
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QUESTIONS AND PROBLEMS 6. List two common tolerance zone shapes for a perpendicularity control.
I e 7. List three conditions that exist when a perpendicularity control is applied to a surface.
SURFACE B
E - 124
s 120
----- ; : [ \r
i | SURFACE E
b6 A
%0 6.5
o 62
______________________ \\
| |oz]|A
7223—- | -
SURFACE D Lftmﬁsw& SPECIFIED
| ‘ %
| Questions 1-5 refer to the drawing above. N .
} 1. What are the shape and size of the tolerance zone for the perpendicularity control? % Z
.
52.0 %
& |
51.8 S 1
| 2. Fill in the chart below. J_ @01 | A %
|
[ Thie flstnass;of Is limited to. . .
' surface. . .
{ B Questions 8-10 refer to the drawing above.
C 8. What is the size and shape of the perpendicularity control tolerance zone?
D
E S
9. Fill in the chart below.
3. What controls the squareness between surfaces D and E? - -
| if the actual gize The bonus The perpendicularity
A of dia. Bls... tolerance tolerance zone
4. Describe how the tolerance zone for the perpendicularity callout is oriented. possible is... |diameter would be...
I
52.0
5. If the perpendicularity callout was revised to [ | | 0.2 | A|B |, what effect would this have on
the tolerance zone? 51.9
51.8
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10. In the space below, draw and dimension the gage for verifying the perpendicularity callout.

11. List three conditions that exist when a perpendicularity control (at MMC) is applied to a
FOS.

12. For each perpendicularity control shown below, indicate if it is a legal specification. If a
control is illegal, explain why.

01 | A

AHEHBEBE
c

@01M

13. List two common tolerance zone shapes for an angularity control.

14. List three conditions that exist when an angularity control is applied to a surface.

202

Chapter 7 - Orientation Controls

15.

16.

17.

18.

19.

20.

Surface B

[30]
O.I!A

100
9.8

Surface F r
He]
<’
Surfaca E

e)e

o] o]
O @
(] s8]

UNLESS OTHERWSE SPECIFIED:
ALL ANGLES £ 5°

Questions 15-20 refer to the drawing above.

What is the shape and size of the tolerance zone for the angularity control applied to surface

?

What controls the orientation of the angularity tolerance zone for surface C?

Fill in the chart below.

Is the angularity control on surface C a legal specification?

The angularity
of surface. ..

Is limited to. ..

B

C

If no, explain.

Is the angularity control on surface £ a legal specification?

If no, explain.

Is the angularity control on hole G a legal specification?

If no, explain.
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21. List three conditions that exist when angularity is applied to a diameter.

22. List two common tolerance zone shapes for a parallelism control.

SURFACE C 0
0

/““ﬂ\

SURFACE E

/AR
4
0

ACE UNLESS OTHERWISE SPECIFIED:
REPEreRE ALL ANGLES £5°

Questions 23-26 refer to the drawing above.

23. What is the shape and size of the tolerance zone for the parallelism control?

24. Fill in the chart below.

The parallelism
of surface. . .

B

Is limited to. . .

C
D
E

25. What controls the parallelism between surfaces B and D?

Chapter 7 - Orientation Controls
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26. Describe how the tolerance zone for the parallelism control is oriented and located.

(o4 ]
4]
i o166
16.0
i
Surface B \“:_ i
—_

27.

28.

29,

30.

Questions 27-30 refer to the drawing above.

The flatness of surface B is limited to

The flatness of the raised pad is limited to

Describe the shape and size of the tolerance zone for the parallelism control.

What effect does the @ modifier inside the parallelism control have on the part?
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Question 31 refers to the drawing above.

31. For the geometric control listed at each location shown above, indicate if it is a legal
specification. If a control is illegal, explain why.

CNONCONONCONS,

206

oo b K T

N =0 N
\g P - S e ~/
e R A G
............... | A i

. BE_
=l

32. Use the instructions below to 'éompletc the drawing above.

a. Add a control to surface L that limits its perpendicularity relative to datums A & B to
within 0.2.

b. Add a control to surface K that limits its parallelism relative to datum C within 0.2.

¢. Add a control to surface J that limits its angularity relative to datum D within 0.2.

d. Add a control to surface F that limits its flatness within 0.1.

e. Add a control to surface G that limits its perpendicularity relative to datum A within 0.6.

f. Add a control to diameter P that limits its perpendicularity relative to datum C within a
0.2 cylindrical tolerance zone when the diameter is at MMC.

g. Add a control to surface M that limits its parallelism relative to datum A within 0.2. Use
a tangent plane modifier.

h. Add a control to surface N that limits its parallelism relative to datum B within 0.4,
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INTRODUCTION - Describe the tolerance zone in TOP (MMC) applications.
! This chapter will help you to read and understand drawings that use toler- - Calculate the amount of bonus tolerance available for a TOP
ance of position (TOP) controls. TOP controls are used to define the loca- application.
tion of a FOS. The symbol for TOP is shown in Figure 8-1. TOP also - Calculate the amount of datum shift available in a coaxial diameter
indirectly controls the orientation of a FOS relative to the primary datum | TOP application.

shown in the feature control frame. - Determine if a TOP specification is legal.

Goal 8-3 (pp. 235-239)

<) Tolerance of Position (TOP) ~ Disfine the term, "Tonchonal gac.”

List five benefits of a functional gage.

Define the term, “cartoon gage.”

Draw and dimension a cartoon gage for a TOP application.

! FIGURE 8-1 Tolerance of Position (TOP)

| CHAPTER GOALS AND OBJECTIVES

TOP GENERAL INFORMATION
There are Three Goals in this Chapter: '

8-1. Understand the fundamental concepts of tolerance of position: the Definitions and Conventions
i | definitions and conventions, the advantages, and the basic theories. True position is the theoretically exact location of a FOS as defined by ba-
| 8-2. Interpret RFS and MMC tolerance of position applications. sic dimensions. A tolerance of position (TOP) control is a geometric
‘ 8-3. Draw cartoon gages for tolerance of position (MMC) applications. tolerance that defines the location tolerance of a FOS from its true

', position. When specified on an RFS basis, a TOP control defines a
‘ tolerance zone that the center, axis, or centerplane of the AME of a FOS

Performance Objectives that Demonstrate M astery of must be within. When specified on an MMC or .LMC basis‘, a TOP control
: These Goals defines a boundary—often referred to as the vmuall condition—that may

| Upon completion of this chapter, each student should be able to: not be violated by the surface or surfaces of the considered feature.

I

'l Goal 8-1 (pp. 211-221) Where it is desired to specify a TOP on an RFS basis, the feature control
\ - Define t.he term, “true position.” frame does not show any modifiers. RFS is thel default condition for all
- Describe a TOP’control, gcometric. tolerances. Where it is’dcsiycd to spct?lfy a TOP on an MMC or
. - List two types of implied basic relationships common with TOP. LMC basis, the appropriate modifier is shown‘m the tolerance portion of
i " - List six advantages of TOP. the feature control frame. MMC and LMC modifiers may also be specified

: : e - in the datum portion of the feature control frame where desired and appro-
| - List four types of relationships that can be controlled with TOP.

Study Tip - Describe when the MMC modifier should be specified in a TOP priste: See Figues 82,

Take a few minutes to

f : control.

ully understand these : . .

objectives. When - Explain the virtual condition boundary theory for TOP. - o
reading this chapter, - Explain the axis theory for TOP. |4 [#o2]Aa[B|C]| TOP with RFS implied

look for information to

| hel_p you master these | GGoal 8-2 (pp. 221-234)
' Objectives. - Describe two common tolerance zone shapes for a TOP (RFS). (& [zo2@[A[B[c| TOP with MMC specified
| - List three conditions that apply when a TOP control is applied at RFS.

' - Describe the tolerance zone in TOP (RFS) applications.

| - Calculate the WCB of a FOS controlled with TOP at RFS. : :

; - List three conditions that exist when an MMC modifier is used in a ‘ & ‘ £0s ®| A l i ‘ & I TOP with LMC specified

“ TOP application.

FIGURE 8-2 TOP Feature Control Frames
210

211




Chapter 8 - Tolerance of Position, Part 1

' Author's Comment
- Whenever a geo-
' metric control with

| datum references is
| used, it controls the
I orientation of the
toleranced feature
relative to the primary
‘ datum referenced.

Whenever a TOP control is specified, the theoretically exact location of
the axis or centerplane of the feature of size must be defined with basic
dimensions. The theoretically exact location of a FOS as defined by basic
dimensions is called the true position of the FOS. An example of a TOP
tolerance zone and its true position are shown in Figure 8-3.

e e

| & [g02]A]B]C]

+
*

10.6
10.0

True position of @

@ 0.2 cylindrical tolerance zone
perpendicular to datum A

148

(From datum B)

(From datum C)

FIGURE 8-3 TOP Tolerance Zone

TECHNOTE 8-1 True Position

When a TOP callout is specified, the true position of the FOS is the
theoretically exact location as defined by the basic dimensions.
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Basic dimensions define the true position of the toleranced FOS relative to
the datums referenced in the feature control frame. In certain cases, the ba-
sic dimensions in a TOP application are not specified; they are implied.
There are two types of implied basic dimensions common in TOP applica-
tions:

Implied basic 90° angles—A 90° basic angle applies where centerlines of
features in a pattern (or surfaces shown at right angles on a drawing) are
located and defined by basic dimensions and no angle is specified. An
example is shown in Figure 8-4.

Implied basic zero dimension—Where a centerline or centerplane of a
FOS is shown in line with a datum axis or centerplane, the distance be-
tween the centerlines or centerplanes is an implied basic zero. An example
is shown in Figure 8-4.

"

For more info. . .
Fundamental Dimen-
sioning Rule #6 is
shown on page 12.

2.8

2% QQ.B
/. EEalEnE

5 d t (g
*

The 90° angles for the

holes are an implied C

basic 90° from datum

plane A - . /'| : j
The centerline of this diameter is

N\ an implied basic zero from datum
axis A
Q)

@ 8.6
8.2
Bren
------------------ 16.8
(I - T Piga4
) ¥

FIGURE 8-4 Implied Basic 90° Angles and Implied Basic Zero Dimension
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Advantages of TOP

In comparison with coordinate tolerancing, TOP offers many advantages.
Six important advantages are that TOP:

1. Provides larger tolerance zones; cylindrical tolerance zones are
57% larger than square zones

2. Permits additional tolerances—bonus and datum shift

3. Prevents tolerance accumulation

4. Permits the use of functional gages

5. Protects the part function

6. Lowers manufacturing costs

These advantages will become obvious as TOP is explained in this chap-
ter; however, a few statements to highlight the advantages of TOP are in
order.

First, the use of cylindrical tolerance zones is common with TOP controls.
The advantage of cylindrical tolerance zones is shown in Figure 8-5. The
57% additional tolerance for the location of a FOS gained by using a cy-
lindrical tolerance zone is a significant advantage for manufacturing. Ad-
ditional tolerances—Ilike bonus and datum shift—can easily add 50-100%
or more additional tolerance in certain cases without affecting function.
(Examples are shown later in this chapter.) Cylindrical tolerance zones,
bonus tolerances, and datum shift all contribute to a clear interpretation
and lower manufacturing costs.
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(e}«
10.2 I o o 11 11
10.0 66 1 LB 110.1] -
/ Zeo T
11:12 M !
10.0 i A0 -
¥ | X 4L ! i [

I
] / 568

6.0

[4[zo28 W[alB]C]

Coordinate toleranc'e
zone 0.2 square
| TOP tolerance zone
/-" ey 4 @ 0.28
A 3

-+ T+—L

[
| I !
T o
’4—&2 __‘ 2028
A
-
0.2 | |
\_ L Cylindrical zone allows 57% more
N tolerance for the hole

Tolerance Zone Comparison

Author’s Comment
With coordinate
tolerancing, it is not
stated whether the
holes are defined from
surfaces or surfaces
are defined from the
holes.

FIGURE 8-5 Comparison of Coordinate Tolerancing and TOP Tolerance Zones

Types of Part Relationships that Can be
Controlled with TOP

TOP is

commonly used to control four types of part relationships:

1. The distance between features of size, such as holes, bosses,
slots, tabs, etc.

2. The location of features of size (or patterns of features of size)
such as holes, bosses, slots, tabs, etc.

3. The coaxiality between features of size

4. The symmetrical relationship between features of size
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Guide to TOP Modifier Usage

When specifying TOP controls, the designer must specify under which
material condition the control is to apply. Figure 8-6 provides a guide for
determining when the MMC or LMC condition should be specified or
when the RFS condition should be invoked. Note that the function of the
FOS being toleranced is the primary criteria for material condition selec-
tion. Also, the relative cost to produce and verify a FOS is most favorable
when the MMC modifier is used.

Commonly used Bonus or 2?::'::
Modifier in these functional datum shift produce
applications permissible and verify
- Assambly
® - Location of a non-critical Yas Lowest
FOS
« Minimum wall thickness
- Minimum part distance st
© i ; Yes MMC; less than
- Minimum machine stock RFS
- Alignment
- To control & symmetrical
relationship
- When the effects of bonus or
datum shift will be detnmental
RFS invoked to the function of the par
by showing No Highest
no modifier + To control minimum machine
stock.
- Centering
- Alignment

FIGURE 8-6 Guide for Selecting Modifiers in TOP Controls Based on Product Function

When considering the functions of a FOS, it is often found that assembly
with other parts is required; therefore, the MMC modifier is the most
commonly used modifier in TOP controls. Also, the MMC modifier is the
least expensive option for producing and verifying a FOS.

TOP THEORIES

Two theories can be used to visualize the effects of a TOP control:

1. The virtual condition boundary theory—A theoretical boundary
limits the location of the surfaces of a FOS.

2. The axis theory—The axis (or centerplane) of a FOS must be
within the tolerance zone.

Both theories are useful and—in most cases—equivalent. However, the
axis theory is most common in RFS TOP applications, and the boundary
theory is most common in MMC tolerance of position applications.
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The Virtual Condition Boundary Theory

To illustrate the virtual condition boundary theory, let’s examine the
conditions that result from a TOP at MMC applied to a hole. In this type of
application, the specified tolerance of position applies when the hole is at
MMC. The hole must be within its specified limit of size, and it must be
located so no element of its surface will be inside a theoretical boundary.
The theoretical boundary is centered about the true position of the hole.
The diameter of the theoretical boundary is equal to the MMC of the FOS
minus the TOP tolerance value. The theoretical boundary is the virtual
condition (or gage pin diameter) of the hole. Figure 8-7 shows an example.

. 4,6
X B 4
EamonnG —
?
VC = MMC - TOP tol value ‘

@38 =©40-02
—— —— —— —— — —— —— —— ——
Q‘;‘;:ﬁgﬂ" : 1 7~~~ Orientation variation is iimited

theoretical
boundary

Datum plane B

Theoretical boundary

The virtual condition boundary is a basic 90° 1o datum plane A

FIGURE 8-7 TOP Virtual Condition Boundary Theory (Internal FOS)

A TOP is also an indirect orientation control. The theoretical boundary is
oriented relative to the primary datum referenced in the TOP callout. The
gage pin that controls the location of the FOS also limits the orientation of
the FOS. Figure 8-7 shows an example.
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Author’s Comment
As a convention in
this text, a boundary
tolerance zone is used
in MMC applications,
and an axis tolerance
zone is used in RFS
applications.
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The virtual condition boundary theory also applies to external features of
size. The theoretical boundary for a TOP (applied at MMC) of an external
FOS is equal to the MMC of the FOS plus the TOP tolerance value. The
location and orientation of the FOS is limited by the TOP control. Figure
8-8 shows an example.

Two parallel planes 14.2
apart to establish datum
centerplane B

Tab location and
orientation is limited
by the theoretical 6.8
boundary
The virtual condition boundary is a
basic 80° to datum plane A and
centered about datum plane B

theoretical boundary

FIGURE 8-8 TOP Virtual Condition Boundary Theory (External FOS)
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The Axis Theory

The axis theory is often used when TOP is applied on an RFS basis. To
illustrate the axis theory, let’s examine the conditions that result from a
TOP at RFS applied to a hole. In this type of application, the specified
TOP applies at whatever size the hole is produced. The hole must be
within its specified limit of size, and the axis of the hole AME must be lo-
cated within the TOP tolerance zone cylinder. The TOP tolerance zone
cylinder is centered around the true position of the hole. The diameter of
the TOP tolerance zone cylinder is equal to the tolerance value specified in
the TOP callout. Figure 8-9 shows an example.

kT —
[&]eoz[ale]c] ]

- [12]
4 .

4——{ j: lr—hd——-l 14 I-——-b
RFS hole location is—‘ ‘ | '~ Grientation variation is limited by
limited by tolerance > | the tolerance zone cylinder
zone cylinder J : L i

i e T
s i IR 10 &1'-— Datum plane C

>
= :

Theoretical lolerance zone cylinder is
basic 90° to datum plane A

FIGURE 8-9 TOP Axis Theory (Internal FOS)

A TOP is also an indirect orientation control. The tolerance zone is ori-
ented relative to the primary datum referenced in the TOP callout. The tol-
erance zone that controls the location of the FOS also limits the orientation
of the FOS. Figure 8-9 shows an example.
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—

The axis (or centerplane) theory also applies to planar features of size. The
tolerance zone for a TOP (applied at RFS) of an external planar FOS is
two parallel planes spaced apart a distance equal to the TOP tolerance
value. The orientation and location of the centerplane of the AME of a
FOS is limited by the TOP tolerance zone. Figure 8-10 shows an example.

g
é& =] LE;—" ;2

- T-ﬁ ) 14:

Two parallel planes contact
the part to establish datum
centerplane B

The centerplane of
the tab is located and
oriented by the TOP
tolerance zone

0.2 tolerance zone width

Outer boundary of tab = 6.8

FIGURE 8-10 TOP Axis Theory (External FOS)
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TECHNOTE 8-3 Axis Theory of TOP (RFS)

The axis (or centerplane) of the AME of a FOS must be within the
tolerance zone. The diameter (or width) of the tolerance zone is
equal to the TOP tolerance value.

COMMON TOP RFS APPLICATIONS

Where TOP is Used on an RFS Basis

In certain cases, the function of a part may require a TOP to be applied on
an RFS basis. The chart in Figure 8-6 describes several applications where
the RFS modifier is recommended. When a TOP is applied on a RFS ba-
sis, a closer control is imposed on the part when compared to an MMC ap-
plication. Also, the inspection of the TOP requirement becomes more
complex.

Whenever a TOP control is applied at RFS, three conditions are present:

1. The tolerance zone applif:s to the axis (or centerplane) of the
FOS. :

2. The tolerance value applies regardless of the size of the
toleranced feature of size.
3. The requirement must be verified with a variable gage.
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Author’s Comment
TOP may also use a
spherical tolerance
zone. This condition
is rare and beyond

the scope of this text.

——————————————————

RFS Tolerance Zones

In tolerance of position (RFS applications), two tolerance zones are com-
mon: a fixed diameter cylinder and two parallel planes a fixed distance
apart. The diameter of the tolerance zone cylinder—or the distance be-
tween the parallel planes—is equal to the tolerance value specified in the
TOP callout. The location of the tolerance zone is always centered around
the true position of the FOS.

In Figure 8-9, the TOP callout includes a diameter symbol in the tolerance
portion of the feature control frame. The diameter symbol denotes a cylin-
drical tolerance zone. In Figure 8-10, the TOP callout does not show a di-
ameter modifier in the feature control frame. When no diameter symbol is
shown in a TOP feature control frame, the tolerance zone shape is two
paralle]l planes.

TECHNOTE 8-4 TOP Applied at RFS
When a TOP is applied at RFS, these conditions apply:

1. The tolerance zone is an axis or centerplane zone.

2. The tolerance zone applies regardless of the feature’s size.

3. Variable gaging must be used to verify the TOP
requirements.
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The Location of a Hole Controlled with
Tolerance of Position (RFS)
In certain cases, it may be desired to control the location of a hole with a

TOP at RFS. In Figure 8-11, the axis of the hole is being controlled rela-

tive to the outside surfaces of the part. In this application, the following
conditions apply:

- The shape of the tolerance zone is a cylinder.

- The tolerance zone is located by the basic dimensions relative to the
datum planes.

- The tolerance zone applies RES.

- The dimension between the centerline of the hole and datum plane A
is an implied basic 90°.

- No datum shift is permissible.

- The tolerance zone also-controls the orientation of the hole relative
to the primary datum reference from the TOP callout.

- Rule #1 still applies.

The WCB of the hole is affected (6.0 - 0.2 = 5.8).

6.4
2 6.0

[&[p02][A[B]C]

@ 0.2 tol zone ’T“ o

- e i
. i _ / Datum plane A
e 4
e

Datum plane B

FIGURE 8-11 Hole Controlled with TOP Using RFS
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The Location of a Pattern of Holes Controlled with

Tolerance of Position (RFS)

In certain cases, it may be desired to control the location of a pattern of
holes with TOP at RFS. In Figure 8-12, the location of the pattern of holes
is being controlled relative to the edges of the part. In this application, the
following conditions apply:

- The shape of each tolerance zone is cylindrical.

- The tolerance zones are located by the basic dimensions.

- The tolerance zones apply RFS.

- The tolerance zones also control the orientation of the holes relative
to the primary datum reference from the TOP callout.

- The tolerance zones are at an implied basic 90° to datum A.

- Rule #1 applies.
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b 2] »—{&] * B g0
% 482 : [© [poa[a]s]c]
0 @ B ;
- € P
| = V) T3
o~
L !
- 457 602
— @ M
T W/

The axis of the AME
of each hole (RFS)
must be within the
tolerance zane

Datum plane B

@ 0.3 tol zone
cylinder located at the true
position of each hole

Datum plane A

The orientation of the axis of the
AME of each hole (RFS) is also
limited by the tolerance zone
cylinder

FIGURE 8-12 Pattern of Holes Controlled with TOP Using RFS
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The Location of Coaxial Diameters Controlled with
Tolerance of Position (RFS)

In certain cases, it may be desired to control the location of coaxial di-
ameters with a TOP at RFS. In Figure 8-13, the location of the coaxial di-

ameter is being controlled relative to datum axis A. In this application, the
following conditions apply:

- The shape of the tolerance zone is cylindrical.

- The tolerance zone applies RFS.

- The dimension specifying the location of the diameter relative to the
datum feature is an implied basic zero.

- The tolerance zone also limits the orientation of the toleranced
diameter relative to datum axis A.

- There is no datum shift.

- Rule #1 applies.

@ 106+0.2

The axig (of the AME) “
of the toleranced diameter |
(RFS) must lie within the |
tolerance zone cylinder
centered about datum
axis A

Datum axis A

@ 0.4 tolerance zone cylinder

FIGURE 8-13 Coaxial Diameters Controlled with TOP (RFS)
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INSPECTING TOP APPLIED AT RFS

Figure 8-11 shows a part with a TOP specification. When inspecting the
hole on this part, three separate checks are required: the size of the hole,
the Rule #1 boundary, and the TOP requirement. Chapter 2 explained how
to check the size and Rule #1 boundary; now we will look at how to in-
spect the TOP requirement.

When TOP is specified on an RFS basis, it requires variable gaging to
verify the requirements. A variable gage is a gage that is capable of pro-
viding a numerical reading of a part parameter. Examples of variable gages
are CMMs; special dedicated variable gages; and standard measuring
equipment, such as collets, height gages, expanding mandrels, and dial in-
dicators.

One way the TOP requiremént on the part from Figure 8-11 could be in-
spected is shown in Figure 8-14. First, the part is rested on the surface
plate and the gage elements that simulate the datum reference frame. The
first, second, and third part surfaces to contact the inspection equipment
are defined by the datum sequence of the TOP callout. Once the part is lo-
cated in its datum reference frame, the location of the hole is established.
A “best fit” gage pin is placed in the toleranced hole. The gage pin repre-
sents the actual mating envelope’of the hole. Next, the location of the
center of the gage pin—relative to the datum reference frame—is deter-
mined. The center of the gage pin must be within the tolerance zone cylin-
der that is defined by the TOP callout.

Auxis of the gage pin must be within the
0.2 dia tolerance zone

Simulated datum B

Simulated datum C

Best fit gage pin

Simulated datum A

FIGURE 8-14 Inspecting TOF Applied
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Author’s Comment
In product design, the
function of assembly
is very common.
Therefore, the use of
the MMC modifier in
TOP is very common.

COMMON TOP MMC APPLICATIONS

Where TOP is Used on an MMC Basis

In certain cases, the function of a part may indicate a TOP is to be applied
on an MMC basis. This occurs when the part function is assembly or when
the effects of bonus tolerance and/or datum shift would not have a detri-
mental effect on the function of the part. When a TOP is applied on an
MMC basis, it is a more liberal control than an RFS application. Figure 8-
15 shows a comparison between TOP applied at MMC and RFS.

Whenever the MMC modifier is used in a TOP control, three conditions
are present in the application:

1. The tolerance zone is considered a boundary zone.
2. A bonus tolerance and/or datum shift is permissible.
3. The requirement can be verified with a functional gage.

MMC Tolerance Zones

In tolerance of position MMC applications, two tolerance zone shapes are
common: a virtual condition cylindrical boundary and a virtual condition
parallel plane boundary. The virtual condition boundary is often consid-
ered the gage pin (or width) size. The location of the tolerance boundary is
always centered around the true position of the FOS.

MMC RFS

An axis zone
(or centerplane)

Tolerance zone A boundary zone

Bonus tolerance

permissible Yes No

Gaging Functional (fixed) Variable

FIGURE 8-15 TOP MMC/RFS Comparison
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TECHNOTE 8-5 TOP Applied at MMC
When a TOP is applied at MMC, three conditions apply:
1. The tolerance zone is considered a boundary zone.

2. A bonus tolerance and/or datum shift is permissible.
3. The requirement can be verified with a functional gage.

The Location of a Hole Controlled with TOP (MMC)

In certain cases, it may be desired to control the location of a hole with a
TOP at MMC. In Figure 8-16, the hole is being controlled relative to the
outside surfaces of the part. In this application, the following conditions
apply: '

- The shape of the tolerance zone is a virtual condition cylindrical
boundary.

- The tolerance zone is located by the basic dimensions from the
datum planes.

- The relationship between the centerline of the hole and datum plane
A is an implied basic 90° anigle.

- A bonus tolerance is permissible.

- The tolerance zone also controls the orientation of the hole relative
to the primary datum reference of the TOP callout.

- Rule #1 applies.
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564 The Location of a Hole Pattern Controlled with
6.0 g °° Tolerance of Position (MMC)
(& [#o4@ (a5 ]c] g o7 In certain cases, it may be desired to control the location of a pattern of
[122 i 08 holes with TOP at MMC. In Figure 8-17, the location of the pattern of
- holes is being controlled relative to the edges of the part. In this applica-
¥ ks B tion, the following conditions apply:
16.2 e == %eo o1 o2 65 od
MMC e AmE  WMC - The shapes of the tolerance zones are virtual condition boundaries.
5 = - The tolerance zones are located by the basic dimensions from the
8| | e | Lo datum planes.
| 60 | 04 0 0.4 - The relationship between the centerlines of the holes and datum
| oI ol b plane A are implied basic 90°.
| & 56 theoreton 63 | 04 | 03 07 - A bonus tolerance is permissible.
boundary 4 | b4 %4 <A - The tolerance zones also control the orientation of the holes relative
(VC) tolerance

zone

to the primary datum reference from the TOP callout.
- Rule #1 applies. ‘

.
meilg
.—/_ Datum plane A )
-
o

~a .
Sl
Tl
b= i

L Datum plane B

FIGURE 8-16 Hole Location Controlled with TOP Using MMC

In Figure 8-16, the maximum allowable bonus is equal to the difference
between the MMC and LMC of the AME of the toleranced diameter.
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402 [$ [pos W]als]c]|

e I {2}

virtual condition
boundaries

Datum plane B /' /
i
L
[

The orientation of the axis of the
AME of each hole s also imited by
= the WC boundary

@ 7.7 VG boundary e
|ocated at the true position

of each hole

FIGURE 8-17 Pattern Location Controlled with TOP MMC

In Figure 8-17, the maximum amount of bonus permissible is equal to the
difference between the MMC and LMC of the AME of the toleranced
FOS.

Coaxial Diameter Applications

Figure 8-18 illustrates the amount of bonus and/or datum shift permissible
in coaxial diameter applications. In example one, the toleranced diameter
and the datum feature diameter are different diameters. The bonus toler-
ance permissible comes from the toleranced diameter. The datum shift
permissible comes from the datum feature diameter.
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COAXIAL DIAMETER APPLICATIONS

CONFIGURATION METHOD EXAMPLE

MAX PERMISSIBLE
BONUS/ DATUM SHIFT

Use one @

diameterto | = [F-——-—-—— \
establish the —
OPPOSED datumaxis. | |--------1

L
DIAMETERS Locate the & :g.g s
second diameter : —@ 40
relative to the |$|¢o.os@|,q@J

datum axis.

Bonus =0.2

Datum shift = 0.6

self-datum
o 20.02

NON-OPPOSED
DIAMETERS or 3
(SAME SIZE) - ©

Specified Eﬂ:ﬁ@ ]‘50-05 & [AM) @
self-datum [%

Bonus =0.04

Datum shift =0

® o r '\
Use both 1T =
NON-OPPOSED diameters as Y \J
DIAMETERS ! e

Bonus =02
datums, and
(DIFFERENT relate each g 48 248
SIZE) diameter to the 344 24.4 Datum shift =0
common axis. | (8]
& [g00s W[A®@-8W)]
FIGURE 8-18 Coaxial Diameters Controlled with TOP MMC
In Figure 8-18, examples two and three show two ways of specifying the
relationship of coaxial diameters. They specify the same part requirements ]
with the two dimensioning methods. The gage for the parts in examples
two and three would be identical. Example two uses an implied self da- Q

tum. The toleranced diameters are being located relative to each other. The
alignment of the diameters is being controlled. Example three specifies the
three diameters as a datum, then relates the diameters back to the datum

(or each other). Once again, the alignment of the diameters is being con-
trolled.

In all four examples, the maximum amount of bonus permissible is equal
to the difference between the MMC and LMC of the toleranced FOS. The
maximum amount of datum shift available for the part in example one is
equal to the difference between the LMC and the virtual condition of the
datum FOS. In examples two, three, and four, in the non-opposed diameter
applications, there is no datum shift available. The bonus is the datum
shift. This is because the toleranced feature is also the datum feature.
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Author’'s Comment
In Figure 8-18, the
dimensioning

methods shown for
non-opposed
diameters (same size)
are not covered in

Y 14.5. However,
these methods are
used on many l
drawings in industry. }
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Design Tip
The default condition
for a TOP control is
RFS, which is very
expensive and often
not required. For each
TOP control,
consideration should
be given to using the
MMC or LMC
modifier.

Legal Specification Test for TOP
For a TOP control to be a legal specification, it must satisfy the following
conditions:

- The TOP must be applied to a FOS.

- Datum references are required. The datum references must ensure
repeatable measurements of the toleranced FOS.

- Basic dimensions must be used to establish the true position of the
toleranced FOS from the datums referenced (and between features
of size in a pattern).

If any of these conditions are not fulfilled, the TOP specification is incor-
rect or incomplete. Figure 8-19 shows a legal specification flowchart for a
TOP specification.

QUESTIONS
Is the TOP control (D No
applied to a FOS?
Yes
Are datum references
specified?* Also, the datum No
references must be logical @
for the type of part and
toleranced FOS. Ve
A

Are basic dimensions used No
to establish the true .
position of the toleranced -IFSCSEEJ:C
feature relative to the Yée specification of
datums referenced? a TOP control

@ Yes

@ Is the following modifier
specified?
@ No
This is a LEGAL specification of a
TOP control

FIGURE 8-19 Legal Specification Flowchart for Tolerance of Position

* Except for coaxial non-opposed diameters, as shown in Figure 8-18.
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INSPECTING TOP APPLIED AT MMC

A TOP applied at MMC can be verified in a number of ways. Variable
gages, open inspection, CMM, and functional gaging are all common
methods of verifying parts dimensioned with TOP. In this text, we will ex-
plain the use of functional gaging.

Functional Gage

A functional gage is a gage that verifies functional requirements of part
features as defined by the geometric tolerances. For example, if holes on a
part are intended to fit over studs of a mating part, a function of the holes
would be to assemble over the studs. To verify the location of the holes, a
functional gage that simulates the studs of the mating part could be used.
A functional gage does not provide a numerical reading of a part parame-
ter. A functional gage often provides a “pass” or “fail” assessment of a
part feature. A functional gage is often referred to as an attribute gage or a
fixed gage because it checks attributes of a part FOS (location and orien-
tation).

When compared to a variable gage, a functional gage offers several bene-
fits. The list below highlights five benefits of functional gages:

. The gage represents the worst-case mating part.

. Parts can be verified quickly.

. A functional gage is economical to produce.

. No special skills are required to “read” the gage or interpret the
results.

5. In some cases, a functional gage can check several part

characteristics simultaneously.

LSO S T G RS

Functional gages are a commonly used method for verifying TOP callout
requirements. The functional gage represents the virtual condition of the
toleranced FOS. Although functional gages provide many benefits for
verifying parts controlled with TOP applied at MMC, their use is not
mandatory. A TOP applied at MMC can also be verified with a variable
gage or a CMM.
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Author’'s Comment
Some consideration
should be taken to
dimension and
tolerance part features
50 that the resulting
gage simulates the
worst-case boundary
of the mating part.
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Cartoon Gage -2x @22
Often, it is desirable to analyze a max. or min. distance on a part in the de- :
. : . . o e | b [zo2M@|A[B]C]|
sign stage. Since a functional gage defines the extreme limits of a part
FOS, it can be used as a simple method to analyze part distances. Because B
the functional gage does not exist in the design stage, a cartoon gage is ¢
used. A cartoon gage is a sketch of a functional gage. A cartoon gage de- 4
fines the same part limits that a functional gage would, but it does not rep- + —
resent the actual gage construction of a functional gage. .
) g e !
The steps for drawing a cartoon gage are shown in Figure 8-20 and are de- '
scribed below:
-~ 168
- : * 1607 ’
1. Determine the size of the gage feature. Using the MMC of the P_E 1
! toleranced feature, subtract (or add, for an external FOS) the
. TOP tolerance value to find the virtual condition or gage size of B - =T =% =k - == == R
| the toleranced FOS. . ' Le’
[ 2. Establish the simulated datums (surfaces or axes) for the datums 2PLACES |
referenced in the TOP callout. ‘ .'
. " . |
3. Locate the gage features relative to their respective datums. The tc ]
basic dimensions from the product drawing are used to locate the ' - |
gage features relative to the datums. ;’ l
. A
STEP 1 |
Determine the size of the gage feature. | g
!
|
' TP U0 -
Datum plane A L-E]
1 Datum plane B r -
j r Datum plane € t -
l 16.8
Y Datum plane A
STEP 3
STEP 2 Locate the gage features relative
Establish the simulated datums. (O BARIERE Gullus BRRans:
' SRR TR P

FIGURE 8-20 Steps for Drawing a Cartoon Gage
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Figure 8-21 shows a cartoon gage for a coaxial diameter TOP application.
When drawing a cartoon gage, the view drawn is based on the designer’s
judgment. A top, side, isometric, or sectional view may be used, based on

Summary
A summarization of TOP information is shown in Figure 8-22.

Design Tip
Sketch a cartoon gage
for each TOP callout
on your drawing. This
will help in two ways:
it will point out if
your TOP control is
complete and
understandable, and
it will help you to
visualize the mating
part requirement.

the design issue being studied. Note, in this case, external features of size

are used. The effects of the TOP callout are added to the MMC of the tol- TOP ri?éurgce Can be applied to a Can affect %no‘:% g::"zg at Overrides
eranced diameter to produce the virtual condition (or gage diameter). Also, control requiired FOS |wcB nodifier | RFS Rule #1
this gage includes a virtual condition (worst-case boundary) for datum B.

The gage must be built to the virtual condition of datum feature B. This @- Yes* | Yes Yes Yes Yes**

will allow parts to fit on the gage in cases where datum feature B is not _ - i ;

perfectly square to datum plane A (but is still within the perpendicularity S TR R RO P R

tolerance value).

Drawing -
“‘-.,\
Ry
[, A Y
N AR ".. "I
& 26.2 I Y K '

26.0 i \/
EERC QlAJB@‘ e /

b [ ]| Lgmes

64y eyl 108 [ | [B02@]A]

6.2 = 10.4 ;
8]

FIGURE 8-21 Cartoon Gage for a Coaxial Diameter TOP Application

This gage only checks the location and orientation of the diameter; the
form and the size are additional required checks. In the next chapter, a

technique for calculating part distances by using a functional gage is intro-
duced.
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FIGURE 8-22 Summarization of TOP

VOCABULARY LIST

New Terms Introduced in this Chapter
Axis theory

Cartoon gage

Functional gage

Implied basic 90° angle

Implied basic zero dimension

Tolerance of position (TOP) control

True position ’

Variable gage

Virtual condition boundary theory

ADDITIONAL RELATED TOPICS

Topic ASME Y14.5M-1994
Reference
e Simultaneous requirement RFS Paragraph 5.3.6.1

e Simultaneous requirement MMC Paragraph 5.3.6.2
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Study Tip
Read each term. If
you don’t recall its
meaning, look it up in
the chapter.

Author’s Comment
These topics, plus
advanced coverage of
many of the topics
introduced in this text,
will be covered in my
new book on
advanced GD&T
concepts.




—————

Chapter 8 - Tolerance of Position, Part 1

QUESTIONS AND PROBLEMS

1. Describe what a tolerance of position control is.

2. Define the term, “true position.”

3. List two types of implied basic relationships common with TOP.

4. List six advantages of TOP.

5. List four types of relationships that can be controlled with TOP,

6. Describe the virtual condition boundary theory of TOP.

7. Describe the axis theory of TOP.
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Questions 8-10 refer to the drawing above.

8. Describe the size and shape of the tolerance zones for the location of the 3.0-3.6 dia. holes.

9. Describe the size and shape of the tolerance zone for the location of the 6.0-6.8 slot.

10. Describe the size and shape of the tolerance zone for the location of the 41-42 diameter.

11. List three conditions that exist when an MMC modifier is used with a TOP control.
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3 | o p—{4]
le 5_33:5 ' #12.2£ 0.2 THRU _ 1254*3-1 THRU C | '$_ |Q5 02@[ A [ = @I +15_5+
A~ G FrBD) qﬁ?ﬁﬁ%ﬁ“!@ % & oo @le]r @ | 154
: D
| ! Q a : —4 ——\ =Ll

L €

’ [6He [ & o1 @[A[e@]
‘ 2 SURFACES 2 —
= T
= _ g.‘r ) _gg
| L]o2@A] 3,
A ¥ 0.05 | A
12. Use the drawing above to fill in the chart.
13. Use the drawing above to fill in the chart.
For the The shape of The max The max
TOP callout the tolerance permissible permissible
labeled. . . zoneis. . . bonus is. . . datum shift is. . . Forthe The shape of The r_na).< The rlna)l(
TOP callout the tolerance permissible permissible
" labeled. . . zoneis. .. bonus is. . . shiftis. . .
A
B
B
C
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16. List four benefits of a functional gage.

17. Define the term, “cartoon gage.”

— R5

A
BEL
y
55
-
}

Pes)
¢
|
|
Pes)
O
A
—
I 1

i ., 2 =

Question 14 refers to the drawing above.

14. For each TOP control listed, indicate if it is a legal specification. If the control is illegal, I

explain why. ) - - © =
: ? id ; £
P 1
C (s}
D 6.4

x 8 oo

[ & [gosM[a]B]c]

15. Define the term, “functional gage.”

18. Using the drawing above, draw and dimension a cartoon gage for checking the
position callout shown.




Chapter 8 - Tolerance of Position, Part 1

Chapter 8 - Tolerance of Position, Part 1

5.2
4X & 48

4 |Z04 M) |A[BW

19. Using the drawing above, draw and dimension a cartoon gage for checking each
position callout.
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20. Use the instructions to complete the drawing above.

a.

Add a TOP control to the holes labeled B that will control their orientation and
location relative to datums A, B, & C. The tolerance value should be 0.4 and apply RFS.

. Add a TOP control to the slot labeled A that will control its orientation and location

relative to datums A, B, & C. The tolerance value should be 0.2 and apply RFS.

Add a TOP control to the hole labeled C that will control its orientation and location
relative to datums B, A, & C. The tolerance value should be 0.1 and apply RFS.

. Add a TOP control to the holes labeled D that will control their orientation and location

relative to datums B, D, & A. The tolerance value should be 0.3 and apply RFS.
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Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

This chapter covers additional areas on the subject of TOP. First,
calculations involving TOP are explained, then the fixed and floating
fastener formulas are discussed. Five special applications of TOP are also
explained.

CHAPTER GOALS AND OBJECTIVES

There are Three Goals in this Chapter:

9-1. Interpret tolerance of position special applications.

9-2. Calculate distances on a part dimensioned with tolerance of position.

9-3. Calculate tolerance of position tolerance values using the fixed and
floating fastener formulas.

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 9-1 (pp. 251-261)

- Describe the tolerance zone(s) in a TOP application of holes that are
non-parallel and not perpendicular to the datum axis.

- Describe the tolerance zone(s) in a bi-directional TOP application.

- Describe the tolerance zone(s) in a TOP application of an elongated
hole.

- Describe when to use a projected tolerance zone modifier.

- Describe the tolerance zone(s) in a TOP application using the
projected tolerance zone modifier.

- Describe the tolerance zone(s) in a TOP application used to control a
symmetrical relationship.

- Describe when a TOP application should use the LMC modifier.

- Describe how bonus tolerance is calculated in a TOP application that
uses the LMC modifier.

- Describe the tolerance zone(s) in a TOP application used to control
the spacing and orientation of a hole pattern.

- Describe when a multiple single-segment TOP control should be
specified.

- Explain what zero tolerance at MMC dimensioning is.

- Explain three benefits available in a zero tolerance at MMC
application.

- Explain the tolerance available in a zero tolerance at MMC
application.

Chapter 9 - Tolerance of Position, Part 2

Goal 9-2 (pp. 262-265)
- Describe a tolerance stack.
- Calculate distances on a part dimensioned with TOP (RFS).
- Calculate distances on a part dimensioned with TOP (including
bonus and shift).

Goal 9-3 (pp. 266-269)
- Describe a fixed fastener assembly.
Write the formula for fixed fasteners.
Calculate TOP tolerance values for fixed fastener applications.
Describe a floating fastener assembly.
Write the formula for floating fasteners.
Calculate TOP tolerance values for floating fastener applications.

TOP SPECIAL APPLICATIONS

Tolerance of position is an extremely flexible dimensioning tool. This
section explains seven special applications of TOP.

TOP Locating Holes that are Non-Parallel

In certain cases, it may be desired to control the location and orientation of
holes that are non-parallel and not perpendicular to the datum axis. This
can be accomplished with a TOP tontrol. This type of application is shown
in Figure 9-1.

In this application, the following conditions apply:

- The shape of the tolerance zones are cylindrical virtual condition
boundaries.

- The tolerance zones are located by the basic dimensions relative to
the datums referenced.

- The angle of the hole, relative to datum plane B, is limited by the
TOP.

- Bonus tolerances are permissible.

| @ Tol |Bonus| Tetal Tal.
H"'““Mil Dia | Tol. | Da

60 | o4 | o | o4 |

81 o4 01 05 8
62 | 04 |oz2| o8 |
DT D

FIGURE 9-1 TOP Applied to Holes that are Non-Parallel
251

The VC boundary tolarance
zone = 5.6 dia,

For more info. . .
See Paragraph 5.4.1.6
Y14.5.
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For more info. . .
. See Paragraph 5.9.1
of Y14.5,

L

.

Bi-Directional TOP (Locating a Hole in Two
Directions)

In certain cases, it may be desired to allow a hole to have more location
tolerance in one direction than in another direction. A bi-directional
control is where the location of a hole is controlled to a different tolerance
value in two directions. This can be accomplished by using two TOP
controls to indicate the direction and magnitude of each positional
tolerance relative to the datums specified. The feature control frames are

attached to dimension lines. This type of application is shown in Figure 9-
2

In this application, the following conditions apply:

- The tolerance zones are parallel boundaries in the direction of the
TOP control.

- The shape of the tolerance zones is rectangular.

- The tolerance zones are located by the basic dimensions relative to
the datums referenced.

- Bonus tolerances are permissible.

b 16.0

20 <—{30 30

3)(015.5
/ X[ @ [02@[A]B c]
IHEcEo=CaH

186 -ox [ & [os®@[Aa]B]C

B]
—@ 20} [30] ETe) Tolerance zones related to
” * the datum reference frame
£ =
AN 3 T S ,
m — 0.2 wide tolerance zone

Gage pin Datum C at MMC

I?é:tgﬁ — 0.6 wide tolerance zone at MMC

Tolerance zone for axis of holes

FIGURE 9-2 Bi-Directional TOP Application

Using TOP to Locate an Elongated Hole

In certain cases, it may be desired to allow an elongated hole to have more
tolerance in one direction than in another direction. This can be
accomplished by using two TOP controls to indicate the direction and
magnitude of each positional tolerance relative to the datums specified.
The feature control frames are attached to the dimension lines to invoke a
bi-directional control. The word "BOUNDARY" is placed beneath the
feature control frames to invoke a boundary control.
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When BOUNDARY is used, the tolerance zone is considert?d tlo be a
boundary control, and there is no axis interpretation for the application. An
example is shown in Figure 9-3.

TECHNOTE 9-1 Use of the Word "BOUNDARY" Note

When the word "BOUNDARY" is placed beneath a TOP callout,
the following conditions apply:

- The tolerance zone shape is a virtual condition boundary.
- There is no axis interpretation for the application.

In this application, the following conditions apply:
- The tolerance zone shape is a boundary of the identical shapg as ‘[he
elongated hole, minus the position tolerance value in each direction.
- There is no axis interpretation.
- The tolerance zones are located by the basic dimensions relative to
the datums referenced.
- Bonus tolerances are permissible. |
- The elongated hole must also meet its size requirements.
If the same positional tolerance is desired in both directiops, a single
position tolerance feature control frame may be used. In this instance, the
feature control frame is directed to the elongated hole with a leader line.

106
=7 +— 2 450
_— | BIeEREE
TR e BOUNDARY
s T > 1_?\
PR P 0 :
~N= @ 38
Bl e [© [02@A[e[c]
- | ' BOUNDARY
’

Elongated holes —
must be within their

Y
D‘] siza fimits and not

violate the TOP ~ — =
boundary j

Datum plane B

FIGURE 9-3 Elongated Hole Example
253

For more info. . .
See Paragraph
5.10.10f Y14.5.
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Design Tip

| A rule of thumb in
bolted joint applica-
tions: whenever the
height of the
clearance hole is
greater than the depth |
of the threaded hole, a
projected tolerance
zone modifier should
be specified.

For more info. . .
See Paragraph 5.5 of
ASME Y14.5.

Top Using a Projected Tolerance Zone

When dimensioning threaded holes (or press-fit holes), consideration must
be given to the variation in perpendicularity of the axis of the hole relative
to the mating face of the assembly. The squareness error of the fastener (or
press-fit pin) may result in an interference condition with the mating part.
Figure 9-4 shows an example. An interference condition can occur where a
position tolerance is specified for the hole, and the hole is tipped within
the position tolerance zone. When the fastener is placed in the hole, the
orientation of the fastener may result in an interference condition near the
head of the fastener. This condition is common with fixed fastener
applications. Where there is concern that an interference condition may
exist, due to the orientation of the fastener, a projected tolerance zone
modifier should be used.

Interference
condition ;
I ]
|
i %
7\
i | W
—»|le— Tolerance I Tolerance
zone dia zone dia
I
|

FIGURE 9-4 Fixed Fastener Interference Condition

TECHNOTE 9-2 TOP Using A Projected Tolerance Zone

- Where a projected tolerance zone is used, the tolerance zone is
projected above the part surface.

- The symbol for the projected tolerance zone modifier is ®

- A projected tolerance zone is used to limit the perpendicularity
of a hole to ensure assembly with the mating part.
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A projected tolerance zone is a tolerance zone that is projected above the
part surface. A projected tolerance zone exists whenever the projected
tolerance zone modifier is specified. The projected tolerance zone symbol
is a "P" enclosed in a circle. Where a projected tolerance zone is specified,
the tolerance zone is projected above the part surface.

Figure 9-5 illustrates the application of a TOP using a projected tolerance
zone. The symbol for projected tolerance zone is shown, then the height
for the projected tolerance zone is specified. The height for the projected
tolerance zone is a minimum and should be equal to the max. thickness of
the mating part. The direction and height of the projected tolerance zone
are illustrated. By using a projected tolerance zone, the orientation of the
fastener is limited, which ensures assembly of the mating part. When using
the fixed fastener formula, specifying a projected tolerance zone will
ensure that fixed fasteners will not interfere with the clearance holes of
mating parts. -

4X M14 X 2

f @mlﬂﬁ.

A

Height of
projected
tolerance
zone

Projected telerance
zone modifier

Orientation and
location of axis of hole
must be within the
tolerance zones @ 0.5 Tolerance zone diameter
15 min height

of projected
tolerance zone

/— Datum feature A

FIGURE 9-5 TOP Using a Projected Tolerance Zone Application
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Author’s Comment
The use of a projected
tolerance zone does
not permit a bonus
tolerance. If bonus is
desired, the MMC
modifier must also be
specified.

Design Tip
The use of the
projected tolerance
zone modifier is not |
necessary when the
height of the mating
part is thin, as in sheet
metal.
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Design Tip
In most industrial
applications, TOP
is used to control
symmetrical
relationships.

Author's Comment
Controlling symmet-
rical relationships is
not the same as
controlling symmetry
(as defined by Y14.5).

Using TOP to Control Symmetrical Relationships

In certain cases, it may be desired to control a symmetrical relationship on
a part. When the centerplane of the actual mating envelope of one or more
features of size is being controlled with the axis or centerplane of a datum
FOS, a TOP may be used. The example shown in Figure 9-6 involves
using TOP MMC, which controls a symmetrical relationship to ensure that
the part can be assembled.

In this application, the following conditions apply:

The tolerance zone shape is two parallel planes.

The tolerance zone is located by an implied basic zero dimension
relative to the datum referenced.

A bonus tolerance is permissible.

Datum shift is permissible.

126
I ) 12.2
T
i H 4 | i
L o
| H | 1
1 1 I [l
L i
A I I
Lo il TOP Tolerance Zone Width |
| | | ] e
i | ! ! 1
) ! i i Slot AME Datum Feature AME
i . 182 184 186 |
122 02 04 06|
| 12.4 04 06 08|

126 06 08 10}

— -3 [A]
:

FIGURE 9-6 Symmetry Controlled with TOP

The example shown in Figure 9-6 uses a TOP at MMC. The use of TOP to
control symmetrical relationships of the actual mating envelope of a FOS
can also be applied at RFS or LMC.
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TOP with the LMC Modifier

The LMC modifier is used in a TOP control when the functional
consideration is to control a minimum distance on a part. The minimum
distance can be a minimum wall thickness, a minimum part distance, or
minimum machine stock on a casting. When the LMC modifier is used,
the TOP applies if the FOS is at LMC. A bonus tolerance is permissible
when the toleranced FOS departs from LMC towards MMC. Figure 9-7
illustrates an example of a TOP callout with the LMC modifier to control
the minimum wall thickness of a part.

In this application, the following conditions apply:

- The shape of the tolerance zone is a cylindrical boundary.

- The dimension between the centerline of the diameter and the datum
axis 1s an implied basic.zero.

- A bonus tolerance is permissible.

- The minimum wall is 1.6 [(24.2 - 20.8 - 0.2) + 2 = 1.6].

- Perfect form at LMC applies (perfect form at MMC is not required).

S
)

Y -

=
? W A A A A A
ke %
¢ 24.2 — o 1y
[ ¢ Lsﬂc—._z © [l 204
77 !
3 %//7////// A
Tolerance | € Tolerance Bonus ITma'
dia AME zonedia | tolerance | 'olerance
zone dia.
242 02 0 02
24.4 02 02 0.4
246 02 0.4 06
248 02 06 08

FIGURE 9-7 TOFP at LMC Application
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Author's Comment
Caution: When
specifying the LMC
modifier, the effects
of Rule #1 are
reversed. Perfect form
at LMC is required.
Study Paragraph 5.3.5
of Y14.5 before using
this concept.

For more info. . .
See Paragraph 5.3.5
of Y14.5.
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Author's Comment |

Figure 9-8 is a partial
drawing. A
relationship between
the outsides edges of
the part and the four
holes needs to be
established.

Using TOP to Control Spacing and Orientation of a
Pattern of Holes

In certain cases, it may be desired to control only the spacing and
orientation of holes in a pattern. This can be accomplished by using a TOP
control with a single datum reference. Figure 9-8 shows an example. In
this figure, the TOP control limits the spacing between the holes and the
squareness of the holes relative to datum plane A, but the TOP control
does not control the location of the hole pattern. Notice the gage has only
one datum simulator for datum A. The four gage pins limit the
perpendicularity and spacing of the holes.

4x @ g:g
I

; Gage Pins Batum A
) N g

FIGURE 9-8 TOP with a Single Datum Reference Applied to a Hole Pattern

The designer typically uses a TOP control on a hole pattern with a single
datum reference in two cases:

1. When the hole pattern is used as a datum feature, and only the
spacing and perpendicularity need to be defined, as shown in
Figure 9-8

2. When a hole pattern is toleranced with a multiple single-segment
TOP control

When a hole pattern is used as a datum feature, it does not have to be
located from the outside edges of the part. The outside edges of the part
can be defined from the hole pattern and toleranced with a profile control.
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. Gage for verifying the upper TOP control
Controls the location of

12.8 the hole pattem to the E |"
%@
120 datum reference frame LD~
€ | @08 @ b B l & | Controls the spacing between ;:;
@ |Zo2@ | A ‘-/thamsesonnepaﬂernand I ]I i
the squareness of the holes | FF\ i
80 relative to datum A i “ﬂ -
15g

— —4X |#11.2 | gage pins
ERL [ S I

) s |

Gage for verifying the lower TOP control

Pledd U BN
o= : P
- LAX gage pins

FIGURE 9-9 Muitiple Single Segment TOP Control with a Single Datum Reference in the Lower Segment

Multiple Single-Segment TOP Controls

A multiple single-segment TOP control is when two (or more) single-
segment TOP callouts are used to define the location, spacing, and
orientation of a pattern of features of size. In Figure 9-9, the upper segment
of the TOP control provides tolerance for the location of the pattern of
holes relative to the outside of the part. The lower segment of the TOP
control provides tolerance for the spacing between the holes and the
orientation of the holes relative to datum A. Each segment of the TOP
control is an independent requirement.

A designer uses this type of control when a hole pattern can have a large
tolerance with respect to the outside edges of the part, but requires a tighter
tolerance for squareness and/or spacing within the hole pattern.

TOP with Zero Tolerance at MMC

A significant function of the design of a part is how it is dimensioned.
Tight tolerances do not guarantee a quality part, only an expensive one. A
dimensioning method that can help to reduce cost is called "zero tolerance
(ZT) at MMC." ZT at MMC appears restrictive to anyone not familiar with
the benefits and capabilities of GD&T. However, once the ZT method is
understood, it becomes apparent that ZT at MMC protects the functional
requirements of a design, while offering maximum flexibility to
manufacturing.

ZT at MMC is a method of tolerancing part features that includes the
geometric tolerance value with the FOS tolerance and states a zero
tolerance at MMC in the feature control frame.
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Design Tip
The use of TOP to
control a hole pattern
is only introduced in
this text. Y14.5
contains a method
called “composite
tolerancing” for
dimensioning hole
patterns with complex
functional relation-
ships.

—

Author’'s Comment
Multiple single-
segment TOP controls
may be specified with
two or three datum
references in the
lower segment. The
lower segment may
reference different
datumns than the upper |
segment. '

For more info. . .
See Paragraph 5.3.3
of Y14.5.
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Design Tip
ZT at MMC should be
considered whenever
the function of a FOS
is assembly.

O

T

Author’'s Comment
All the benefits of the
ZT at MMC method
of tolerancing are also
available with
straightness, parallel-
ism, perpendicularity,
and angularity.

Figure 9-10A shows a part with a conventional TOP of 0.3 at MMC.
Figure 9-10B shows the same part dimensioned with the ZT at MMC
method. The 0.3 tolerance has been removed from the TOP callout and
included in the size tolerance. Note that the functional parameter—the
virtual condition of the hole—is the same for both parts. With ZT at
MMC, all of the hole location tolerance is derived from the bonus
tolerance, so manufacturing can divide the available tolerance between
size and location to best suit the process for the part.

Positional tolerance 03 Positional tolerance 0.0
Bonus tolerance +04 Bonus tolerance +0.7
Total tolerance 07 | Total tolerance 0.7
2523 - 233
[ [gos@[a[elc] ' [H [ [go@[a]s]c]

LSS

(=]
L=]

(3
ol

MMC hole B85 MMC hole 8.2
Paositional tolerance -0.3 : Positional tolerance - 0.0
Vitual condition 8.2 | Vitual condition 8.2

A Conventional Tolerancing B Zero Tolerance at MMC
1

FIGURE 9-10 Conventional and Zero Tolerance at MMC Comparison

There are three primary benefits to ZT at MMC:

1. It provides flexibility for manufacturing.
2. It prevents the rejection of usable parts.
3. It reduces manufacturing costs.

The effects of ZT at MMC can be demonstrated through the use of a
tolerance analysis chart. A tolerance analysis chart is a means of
graphically displaying the limits of a part as defined by the print
specifications. The tolerance analysis chart in Figure 9-11A describes the
parameters for parts from Figure 9-10A. On the vertical scale, the
allowable positional tolerance values are listed. The horizontal scale
shows the virtual condition and hole sizes for the part.
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Measured Positional Tolerance

Measured
hole sizes

Measurad
hole sizes

vc MMC LMC

&
i
i
i

B Tolerance Analysis Chart
for Part in Figure 9-10B
FIGURE 9-11 Conventional and Zero Tolerance Analysis Chart at MMC

A Tolerance Analysis Chart
for Partin Figure 9-10A \

The shaded area of the chart represents the acceptable parts according to
the print specifications. The dots labeled "1, 2, 3, and 4" represent the
actual hole size and location-for four parts. Three of the four parts would
be rejected on the basis of the hole size not being to print specifications. It
is important to note that the virtual condition of the hole size between the
MMC and the virtual condition may be a functional part if it is located
properly. Conventional TOP dimensioning can result in functional parts
being rejected.

Figure 9-11B shows a tolerance analysis chart for the parts from Figure 9-
10B. The shaded area of the chart represents the acceptable parts according
to the print specifications from Figure 9-10B. The dots labeled, "1, 2, 3,
and 4" represent the actual hole size and location of the same four parts
from Figure 9-11A. Note that all four parts are now considered acceptable.
ZT at MMC increases the zone of acceptable parts by making the MMC
and virtual condition of the hole equal. As a bonus, any hole that meets its
virtual condition requirement (the functional requirement), will also meet
its size requirement.

When dimensioning holes for the function of assembly, the designer
should consider ZT at MMC. With this method of dimensioning,
functional parts are not rejected, and more flexible manufacturing results
in additional tolerance to produce parts.

TECHNOTE 9-3 Zero Tolerance at MMC

Zero tolerance at MMC is a method of tolerancing that restates a
geometric tolerance so it is included with the FOS tolerance. Three
benefits of zero tolerance at MMC are:

L. It provides flexibility for manufacturing.
2. It prevents the rejection of usable parts.
3. It reduces manufacturing costs.
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Drawing e
TOP CALCULATIONS ) "
/—_ 2 24 e
In industry, it is very common to make a calculation to find a max. or min. FE[ / (& [eo2[als]| || (_ i//‘

distance on a part. These calculations are referred to as tolerance stacks. A X
tolerance stack is a calculation used to find an extreme max. or min. & L_ —T e

distance on a part. When calculating the extreme max. or min., all of the T 7 19
part tolerances must be included. This section explains how to use TOP in ;
tolerance stacks. o 104

| Tolerance Stacks Using TOP at RFS
_ Tolerance stacks on a part that involves TOP applied RFS are — - - -- -- s e = e o
| straightforward. In this section, a simple method used to calculate the —
| maximum and minimum distance between the edges of two holes is p END %
? explained. The process involves using the basic dimension between the ‘"‘* , @ ®L_§_ _' { (‘% Cf_g__ :
holes, the TOP tolerance value, and the MMC or LMC hole size. + f‘ i _'é + ‘?‘ l+i | @I;J
Design Tip R $ * B [ cranr j.’ 5 L] N
Use tolerance stacks | Figure 9-12 shows an example of a part calculation to find the max. and l) ® N ®© N
! ! i\?iﬁ‘:i::n];?:ozms min. distance between two holes on a part. When reading the steps below, o N
.i function before refer to Figure 9-12. Maximum Distance X Minimum Distance X
i | ‘arbvars s made: ; _ @ - 50 MMC hole radius @ - 52 LMC hole radius
Ll | The steps for making a tolerance stack to calculate a max. and min. part I i 0 sonn. PSR
I distance are as follows: @ + 01 Tol zone radius @ - 041 Tol zone radius
@ - 17 MMC hole radius @ - 1.8 LMC hole radius
1. Label the start and end points of the distance to be calculated. :
+ 34 + 29

On the start point of the calculation, draw a double-ended arrow.
Label the arrow that points towards the end point of the
calculation as positive (+). Label the other arrow as negative (-).
Each time a distance that is in the direction of the positive arrow
is used in the calculation, the distance will be a positive value.
When a distance is used in the negative direction, it will be a
negative value.

FIGURE 9-12 Tolerance Stacks Using TOP at RFS

Tolerance Stacks Using TOP at MMC

Tolerance stacks on a part that involves TOP applied at MMC can be best

learned by using the gage method. The gage method involves using the

cartoon gage to calculate part distance. A major advantage of the gage

. method is that the effects of bonus tolerances or datum shift are

\ 2. Establish a loop of part dimensions or gage distances (as in automatically included in the analysis. The gage method involves five

j Figure 9-12) from the start point to the end point of the steps:

. calculation.

' 1. Draw the cartoon gage.

3. Calculate the answer. 2. Draw the part on the gage in the position that gives the extreme
condition being calculated.

When solving for a min. distance, half the TOP tolerance value is 3. Label the start and end points of the distance being calculated.

subtracted from the calculation. When solving for a max. distance, half the (The start and end points are always on the part.)

t TOP tolerance value is added in the calculation. 4. Establish a path of continuous known distances (either the part
or the gage can be used) from the start point to the end point of
the calculation.

5. Calculate the answer.
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The five steps for the gage method are demonstrated in Figure 9-13. On
this part, the max. and min. distance "X" is to be calculated. In step one

i Figure 9-14 shows another example of a part distance calculation on a part
|

I' the cartoon gage shows the gage pins for both of the toleranced holes.

|

, that involves TOP. On this part, the max. and min. "X" is to be calculated.
The gage method was used to find the distances. Note that in the max. X

calculation, the upper limit of the width dimension (70.4) was used in the
In steps two, three, and four, the part is drawn on the cartoon gage. The

calculation because it results in distance X becoming greater. In the min. X
part is shown in the position that creates the max. or min. condition. An calculation, the min. of the width dimension (69.6) and the LMC hole size
“X" is drawn on each plate where a part surface touches a gage surface. were used because they result in distance X becoming smaller.
The stack indicator is shown on the start point of the stack. The stack path
is labeled. '
Drawing
Step five shows the calculation for the max. or min. condition. B
e it Q 5
3 STERP 1 Draw the cartoon gage L |
Drawing Jet - X b_E
w 19 (Bbefe—(E—|
1 [ |_$I902@_1A[5@—| I ] Iy 1 =i A — - 2 o ey =
| "]_ : {P — (1 1 l_ STEP 1 Draw the cartoon gage
i :
[ o e 50.4 1 I .._@_, @7
| T = | | ET@ ol i = {/_'Ga:gaoms
| il = 3 Gl 1 pad :
i | gl | ¢ Al ! t i © 7

or e ' o
| s I !
&] [© o ®[ale]c) , | {5_]/“*@-

o o L L o ] L
| Simuated —p/ / .\ -
| datum B _

0 © Simulated datum A —— L
Simulated datum C
. Holes | Holes |
. apart | .\ together Maximum Distance X | Minimum Distance X
| ‘ Cc > - +
; | P
| = e X
i stack path g D -
I "
1 A STEPS2.3. &4
‘ l : I
i ﬁ
| | O {O D
' I it C I
| | . ey
| | O ® 0
| I
! STEP 5 Calculate the answer i
|
! A - 50 Gage pinradius | A -104 LMC holedia, STEP S | .
B +10.0 Gage pinlocation B + 50 Gage pinradius A 35 Ga ; ; i
: ; L - 3 ge pin radius I A - 86 LMC holedia.
! 9 —'ﬁ Gags pin-rdius | C +100 Gage pin bc?‘“’" B - 600 Gage pinlocation B + 35 Gage pinradius
| + 34 Maxdistance X ; E .3 ;g fh‘:gehp‘;':i‘:““s C + 704 Maxwidth dimension C - 600 Gage pinlocation
| e S from datum plane B | D +686 Minwidth dimension
i ’ i + 69 Maxdistance X ! trom;dakan plane. B
{ I + 45 Mindistance X
FIGURE 9-13 Tolerance Stacks Using TOP at MMC

FIGURE 9-14 Tolerance Stacks Using TOP at MMC




Chapter 9 - Tolerance of Position, Part 2

-
--I_J

Author's Comment
The most economical
method for dimen-
sioning holes in a
bolted joint
application is ZT at
MMC, as described
on pages 259-261.
The fixed and floating
fastener formulas are
convenient, but are
more expensive
requirements for
manufacturing.

For more info. . .
See Appendix B of
Y14.5.

FIXED AND FLOATING FASTENER
CALCULATIONS

When designing products with fasteners, the fixed and floating fastener
formulas are convenient design tools. They allow a designer to quickly
determine the TOP tolerance values for the mating parts involved. The
fixed and floating fastener formulas can be used on all types of hole
patterns. This section provides an introduction on how to use these
formulas.

Fixed Fastener Assemblies

A fixed fastener assembly is where the fastener is held in place
(restrained) into one of the components of the assembly. Often, the holes
in one component of the assembly are clearance holes, and the holes in
other component are threaded holes (or a press fit, like a dowel pin). This

| type of assembly is called a fixed fastener assembly because the fastener is

"fixed" in the assembly. An example of a fixed fastener assembly is shown
in Figure 9-15. The components are assembled with four M 14 screws. The
cover has four clearance holes. The housing has four M14 X2 threaded
holes. Both hole patterns are dimensioned with TOP.

Housing

/%’
©

A7
N\ N

|

)N

FIGURE 9-13 Example of a Fixed Fastener Assembly
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The procedure for determining the amount of tolerance for fixed fastener
applications is a simple process. (The formula in this text applies when the
projected tolerance zone modifier is used on the threaded hole.)

The fixed fastener formula is: H-F
H=F+2T or T= "‘*—é—“‘
Where:
T = position tolerance diameter
H = MMC of the clearance hole

F = MMC of the fastener

Since the function of the holes is assembly, the MMC modifier is used in
the tolerance portion of the TOP callout. This allows additional position
tolerance as the holes depart from MMC.

Figure 9-16 shows an example of using the fixed fastener formula for
determining the TOP tolerance values. The cover and housing are from the
assembly shown in Figure 9-15. Using the fixed fastener formula, the total
tolerance for both parts is 0.4. The tolerance for each part is 0.2.

Design Tip
The projected toler-
ance zone modifier is
often used on the
threaded hole when
the fixed fastener
formula is used. See
page 255.

149

7] X P s 4X M14 X2 - 6HTHD

A ’ &1 ®®_1°_I3J7
o fo———H —@

COVER HOUSING e8]
- lo——o) ©
=
Eixed Fastener Formula
T=H-F
2
2T=144-14
T=02

FIGURE 9-16 Using the Fixed Fastener Formula to Determine TOP Tolerance Values
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For more info. . .
The formulas that
apply when the
projected tolerance
zone modifier is not
specified are shown in
Y14.5, Appendix B.

Design Tip
When using the fixed
and floating fastener
formulas, you should
also consider shank to
thread runout and the
straightness of the
fastener.

The fixed fastener formula is used to determine the position tolerance
values, which ensures that the parts will assemble. This results in a "no

‘ interference, no clearance" condition when the components are at MMC

and located at their extreme position.

The examples shown in this text specify the projected tolerance zone
modifier. If the projected tolerance zone is not specified, different
formulas apply.

TECHNOTE #9-4 Fixed Fastener Assemblies
- A fixed fastener assembly is held in place (fixed) into one of the
components of the assembly.

- The fixed fastener formula is T = H-F

orH=F+2T

Floating Fastener Assemblies

Floating fastener assembly is where two (or more) components are held
together with fasteners (such as bolts and nuts), and both components have
clearance holes for the fasteners. This type of assembly is called a floating
fastener assembly because the fasteners can "float" (move) in the holes of

each part. An example of a floating fastener assembly is shown in Figure
9-17.

A7

FIGURE 9-17 Examples of a Floating Fastener Assembly

The plates are assembled with four M14 bolts and nuts. Both plates have
the same diameter bolt clearance holes and use TOP to dimension the hole
locations.

When determining the amount of tolerance for the position callouts, the
floating fastener formula may be used. The floating fastener formula is:
T=H-F
Where:
T = position tolerance diameter (for each part)
H = MMC of the clearance hole
F = MMC of the fastener
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Once the position tolerance is determined, it applies to each part in the
assembly (that has the hole size used in the formula). Since the function is
assembly, the MMC modifier is used in the tolerance portion of the TOP
callout. This allows additional position tolerance as the holes depart from
MMC. Figure 9-18 shows an example of using the floating fastener
formula for determining the TOP tolerance values.

SRR
Floating fastener :
assembly
Use M6 X 1.5 fasteners
_ .c q Floating
with a MMC of 6.0 - Fastener Formula
T=H-F
T=6.8-6.0

T=08

FIGURE 9-18 Using the Floating Fastener Formula

The floating fastener formula is used to determine the position tolerance
values, which ensures that the parts will assemble. It results in a "no
interference, no clearance” condition when the components are at MMC
and are located at their extreme position. Consideration must be given to
additional geometric conditions that are not accounted for in the floating
fastener formula.

TECHNOTE 9-5 Floating Fastener Assemblies
- A floating fastener assembly is where two or more components
are held together with fasteners (such as bolts and nuts) and all

the components have clearance holes for the fasteners.

- The floating fastener formulais: T=H-F
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VOCABULARY LIST QUESTIONS AND PROBLEMS

| New Terms Introduced in this Chapter
i Bi-directional control
| BOUNDARY

Fixed fastener assembly 4x & ::;
Study Tip Fixed fastener formula | & [go2M)B8|A|
Regd ench teem. If Floating fastener assembly
you don’t recall the Floating fastener formula
meaning of a term, Multiple single-segment TOP control
look it up in the Projected tolerance zone
AR, Tolerance analysis chart

'\ Tolerance stack
] Zero tolerance (ZT) at MMC

9

mj ADDITIONAL RELATED TOPICS Questions 1-3 refer to the figure above.
Topic ASME Y14.5M-1994 1. What is the shape of the tolerance zone for the holes?
| Author's Comment Reference

These topics, plus

2. What limits the angular relationship of the holes to datum plane B?
advanced coverage of

: e Simultaneous TOP Paragraph 5.3.6.2
many of the topics :
introduced in this text, requirements
will be covered in my 3. Fill in the chart below.
new book on e Composite positional Paragraph 5.4.1
advanced GD&T tolerancing
concepts. Toleranced €5 Tolerance
Hole AME Zone Diameter
- 4.0
| 4.1
! 4.2
I
. 43
| 44
|
|
|
|
. 270
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6. In the space below, draw the tolerance zone for the location of the axis of the elongated holes.

_%105 A|B‘c '
o L—zx 12.4

| [ [os[a]B]c] ‘—m
- [16]e— &0 }—=

4. Using the figure above, draw the tolerance zones for the hole locations.

‘:'L::::.'.:
- @ ? —)—_—__—_—_:.J
L 4% M8 X1.5-6H THD

| & [go2 WP 14]a]B]c]

N IElS
|

| oo 8 e
[ BleenkE - S

BOUNDARY .
Questions 7 - 9 refer to the figure above.
VG .
' Tt T 7. The (P) stands for

ax 6.4
! 6.0
'| |4 o1 @[a]B]c] =1 8. The 14 stands for

BOUNDARY

9. Draw the TOP tolerance zone on the figure.

Questions 5 and 6 refer to the figure above.
5. In the space below, draw a gage pin for verifying the locations of the elongated holes.
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50.4 3.2
i \ I : —»
[ [ [o@]A] B B } % 50.0 2.8
B X y ] o
| 146
14.2
| &z ® A @)

FianY
h 74
Fan
v

Questions 10 and 11 refer to the drawing above.

'. 10. What is the shape of the tolerance zone of the TOP control? \/

4.6
< 42 —> 2X D49
11. Fill in the chart below. '
& [p020]A ]
Position Tolerance Zone Width at Centerplane
Toleranced Diturn Featire AME Questions 12 and 13 refer to the figure above.
'r Feature AME ; i
10.0 10.2 10.4 10.6 12. How much bonus tolerance is permissible for the TOP callout?
14.2 ok i
i 13. Fill in the chart below.
| 14.4
14.6 Toleranced | P Tolerance
Hole AME Zone Diameter
46
| 4.4
|
| 42
40
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S 17. Write the definition of a tolerance stack.

s — 12]

18. Using the figure below, calculate the max. and min. distance X.

A
W/
-

e
(4]

O
el

B
I |
Q=

q} @0@ Al B C] / 2X a;g Max X =
(G ]20s@A[e® | Min X =

Questions 14 - 16 refer to the figure above.

19. Using the figure below, calculate the max. and min. distance X.
14. What is the virtual condition of the holes?

15. What is the gage pin dia. for verifying the hole locations?

; 16. Fill in the chart below.

$ Bonus Total Location

| Hole AME EF’" Tol, Tol. Dia,
| ia.
! 4.0
!
i 4.2
H
li 4.4 Max X =
!i 4.6
L Min X=

4.8
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20. In the space below, write the fixed and floating fastener formulas. 22. Using the floating fastener formula, calculate the position tolerance values for the clearance
holes in both parts. (Assume the M8 fasteners to be perfect.)

‘ Fixed Fastener Formula:
|
1 Floating Fastener Formula: PLATE 2

|

| PLATE 1

| | |

| M8 BOLTS [ |
| = {te——of
',' 21. Using the fixed fastener formula, calculate the position tolerance values for the clearance I O E

holes and the tapped holes. i |

| [ HOUSING = _*@———@*—
' I I

|
{

%___@__
|

@ -H
i COVER — |
of =

4X M8 X1.5-6H THD

C
H | f& ® 10]alB|C . -
| "@h_?@f; K3 [alB]c] . L
‘ I HOUSING i >
| e lig @ b

-
| ALl e
1 _ Pt e ‘?

@ [a]8[c]

. 1 C
; | CoverR | |[40

s i=g .
l = il D———1D T

1

3
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23. Use the part from the figure in question 21. With all dimensions and requirements the same
(except the clearance holes on the cover, which are 8.6-9.0 diameter) calculate the positional

tolerance values for the housing and the cover. Chapfel'

Housing TOP tolerance value:

! Cover TOP tolerance value:

Concent

Symmetry Controls

‘ 24. Use the part from the figure in question 22. With all dimensions and requirements the same

(except the clearance holes on both plates, which are 8.3-8.6 diameter) calculate the
positional tolerance values for both plates.

i | Plate 1 TOP tolerance value:

|
H Plate 2 TOP tolerance value:
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Chapter 10 - Concentricity and Symmetry Controls
T e T S U SO RN, 1 (Lo 8 SR I T S A (e i e R '

INTRODUCTION CONCENTRICITY CONTROL

This chapter will help you to read and understand the concentricity and
symmetry controls. These controls are a type of location control. A
symmetry control limits the location of median points of a symmetrical
planar FOS relative to a datum centerplane. The symbols for these controls

Definition

Concentricity is the condition where the median points of all diametrically
opposed elements of a cylinder (or a surface of revolution) are congruent
with the axis of a datum feature. A median point is the midpoint of a two-

Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

are shown in Figure 10-1.

© Concentricity

— Symmetry

FIGURE 10-1 Concentricity and Symmetry Controls

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:

10-1. Interpret the concentricity control.
10-2. Interpret the symmetry control.

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 10-1 (pp. 283-287)
- Describe what concentricity is.
- Describe a median point,
- Describe what a concentricity control tolerance zone applies to.
- Describe the tolerance zone for a concentricity control.
- Describe two differences between concentricity and total runout.
- Describe one difference between concentricity and TOP (RFS).
- Determine if a concentricity control specification is legal.
- Describe how a concentricity control can be inspected.

Goal 10-2 (pp. 288-293)
Describe what symmetry is.
- Descnbe the tolerance zone for a symmetry control.
- Describe what a symmetry control tolerance zone applies to.
- Describe the differences between symmetry and TOP.
- Determine if a symmetry control specification is legal.
- Describe how a symmetry control can be inspected.
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point measurement.

A concentricity control is a geometric tolerance that limits the
concentricity error of a part feature. The tolerance zone for a concentricity
control is three-dimensional; it is a cylinder that is coaxial with the datum
axis. The diameter of the cylinder is equal to the concentricity control
tolerance value. The median points of correspondingly located elements of
the feature being controlled, regardless of feature size, must lie within the
cylindrical tolerance zone. ‘When using a concentricity control, the
specified tolerance and the datum references always apply on an RFS
basis.

An example of a concentricity tolerance zone is shown in Figure 10-2.

; §

9262 A\\I
B i PEIETHE BN O P
Logs '

' @ 1.0 Tolerance zone

/ Daturmn axis A

FIGURE 10-2 Example of a Concentricity Control Tolerance Zone

TECHNOTE 10-1 Concentricity

- The tolerance zone is a cylinder centered about the datum axis.
- The median points of the toleranced feature must be within the
tolerance zomne.
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For more info. . .
See Paragraph 5.12
of Y14.5.

Author’'s Comment
Concentricity may
also use a spherical
tolerance zone. This
condition is rare and
beyond the scope of
this text.
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Concentricity Application

Differences Between Concentricity, Runout,
In industry concentricity controls are only used in a few unique and TOP (RFS)
applications. Concentricity is usc_d when a primary consic‘leratlon 15 UEEIe When dimensioning coaxial diameters, several geometric controls can be
balance of the part, equal wall thickness, or another functional requirement used. On a part that rotates around an axis, three geometric controls are
that calls for equal distribution of mass. The toleranced FOS may cgntam common. The designer can choose between concentricity, total runout and
flats or be lobed and still be perfectly concentric. Before using a TOP (RFS). The chart in Figure 10-4 shows a comparison between these
concentricity control, the use of tolerance of position or runout should be —
considered. When specifying concentricity, the form of the toleranced
diameter is allowed to vary to a greater extent than if a runout control was
used. In Figure 10-3, a concentricity control is applied to a diameter. CONCEPT AEERIG G ROE
Design Tip - * | N CONCENTRICITY [ TOTAL RUNOUT TOP (RFS)
First consider using | When concentricity is applied to a diameter, the following conditions : —— :
TOP at MMC to apply: Tolerance zone Cylinder cylinders Cylinder
3222:5;?&?:; R T—— Median points of | Surface elements of | Axis of the AME
pat TOPF':S less - The diameter must meet its size and Rule #1 requirements. spplies to. ... tc;i_eranfed 3 querar:ced of th; tolertanced
1 expensive to produce - The concentricity control tolerance zone is a cylinder that is coaxial s % okt ol oo Design Tip
and to inspect. with a datum axis. ¢ :r::::: ° $$ $%3% $ As a rule of thumb,
- The tolerance value defines the diameter of the tolerance zone. P —— runout and con-
- All median points of the toleranced diameter must be within the Inapevt 938 5% $ centeicly Bipiio ouly
D P——— I be considered on parts
| ’ Part characteristics Location and Location, orientation, Location and that rotate.
E | being controlled orientation and form orientation
A The maximum possible distance between the median points of the

FIGURE 10-4 Differences Between Concentricity, Runout, and TOP
!

l'l toleranced diameter and the datum axis is half the concentricity tolerance
"1 value.
|

sy TECHNOTE 10-2 Differences Between
1058 - f"_:H 53;:'3 \REL

} Concentricity ond Runout
O L

@ 0.2 tolerance zone

Two differences between runout and concentricity are:

m |
|

1. The shape of the tolerance zone
2. Runout affects form

One difference between TOP (RFS) and concentricity is:
Median points of the
toleranced dia. must be
within the tolerance
Zona

- With TOP the axis of the AME must be within the tolerance
zone. With concentricity, the median points of the
toleranced diameter must be within the tolerance zone.

Datum axis A

FIGURE 10-3 Concentricity Application
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Legal Specification Test for a Concentricity Control

For a concentricity control to be a legal specification, it must satisfy the
following conditions:

Inspecting Concentricity | |

Figure 10-6 shows a part with a concentricity control. Whe_n inspecting the
large diameter of this part, three separate checks are required: the size of
the diameter, its Rule #1 boundary, and the concentricity requirement.
- The feature control frame must be applied to a surface of revolution Chapter 2 explains how to check the size and Rule #1 boundary; now we

that is coaxial to the datum axis. will look at how to inspect the concentricity requirement.
- Datum references are required. The datum references must ensure

that a legal datum axis is established. Inspecting concentricity is different frqrr_1 inspegting runout or position oj
- The @ symbol must be shown in the tolerance portion of the coaxial diameters. Inspecting concentricity requires the establishment an
feature control frame. verification of the location of a feature's median points.
- The modifiers may not be used in the feature control e ; .
framg:@ Sl ® ’ One way to inspect a concentricity control is shown in Figure 10-6.

If any of these conditions are not fulfilled, the concentricity specification is

i i ; ¥ ok 12.2
incorrect or incomplete. Figure 10-5 shows a legal specification flowchart r 2 120 . T
!J for a concentricity control. '
306
. _ _l 2 302
f O[zoa [A]
; Y
QUESTIONS e
g
| 4
I (D Is the feature control frame Shack o colét  W=15.3
: applied to a surface of
| revolution that is coaxial to the i
| datum axis? J X=15.4
! “3 A\
] (2 Do the datum(s) referenced }
I specify one of the three types of Y=15.2
|' datum axes shown below? This is an '
i 1. Single dia. of sufficient length ILLEGAL s A
.l 2. Two diameters spaced apart specification of . Datuin axls
i 3. A surface primary; dia, secondary a concentricity Datum axis A 0.3 Tolerance zone
| | control,
| Is the & symbol shown in the ShuororEi o Biblancaiieriidiiin
{| tolerance portion of the o a;?;’t?, part surface
. feature control frame? @ 0.3 Toleranca 2one
| 'y Y = Distance from datum
! axis to part surface
| @ Are any modifiers specified? Median points of the  X*+Y = Distance of two-point
| @O @ ®
| must be within the W= Midpoint = -=—>—
tolerance zone 2 = Distance between
.' midpeint and datum axis
| =
I.I This is a LEGAL specification of a i
| concentricity control. Each distance Z must be within the cylindrical
i folerance zone
. FIGURE 10-5 Legal Specification Flowchart for a Concentricity Control FIGURE 10-6 Inspecting Concentricity
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For more info. . .
See Paragraph 5.14
of Y14.5.

L

SYMMETRY CONTROL

Symmetry is similar to concentricity. The difference is that, while
concentricity is used on surface of revolution, symmetry is used on planar
features of size.

Definition

Symmetry is the condition where the median points of all opposed
elements of two or more feature surfaces are congruent with the axis or
centerplane of a datum feature. A symmetry control is a geometric
tolerance that limits the symmetry error of a part feature. A symmetry
control may only be applied to part features that are shown symmetrical to
the datum centerplane. The tolerance zone is centered about the datum
centerplane. The width between the planes is equal to the symmetry
control tolerance value. The median points must lie within the parallel
plane tolerance zone, regardless of feature size. When using a symmetry
control, the specified tolerance and the datum references must always be

applied on an RFS basis. An example of a symmetry control tolerance
zone is shown in Figure 10-7.

o e e — e — i — " — e e - —— o —

Tolerance zone - 2 parallel planes
centered around the datum centerplane

FIGURE 10-7 Symmetry Control Tolerance Zone

TECHNOTE 10-3 Symmetry Control

- The tolerance zone is two parallel planes centered about a datum
axis or centerplane.

- The median points of the toleranced feature must be within the
tolerance zone.
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Symmetry Application

Symmetry controls are only used in a few unique applications in industry.
Symmetry is used when a primary consideration of symmetrical features is
precise balance of the part, equal wall thickness, or another functional
requirement that calls for equal distribution of part mass. Otherwise, TOP
is recommended to control symmetrical relationships. In Figure 10-8, a
symmetry control is applied to a slot. When symmetry is applied to a slot,
the following conditions apply:

- The slot must meet its size and Rule #1 requirements.

- The symmetry control tolerance zone is two parallel planes that are
centered about the datum centerplane.

- The tolerance value of the symmetry control defines the distance
between the parallel planes.

- All the median points of the toleranced slot must be within the
tolerance zone. '

The maximum possible distance between the median points of the
toleranced feature and the datum centerplane is half the symmetry
tolerance value.

4
284
222

Tolerance zone - 2 parallel
planes 0.6 apart

Datum centerplane A

Median paints of toleranced feature must
be within the tolerance zone

FIGURE 10-8 Symmetry Applications
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Design Tip
First consider using
TOP at MMC to
define a symmetrical
relationship on a part.
TOP is less expensive
to produce and to
inspect.
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Differences Between Symmetry and TOP (RFS)
Symmetry and tolerance of position (RFS) are two geometric controls that
can be used to tolerance symmetrical part features. Often confusion exists
over which control is best to use in a given situation. Understanding
differences between these controls will help to eliminate the confusion
over choosing a symbol in a part application.

Symmetry controls the location of the median points of a part feature.
TOP controls the location of the centerplane of the actual mating envelope
of a part feature. In general, TOP is considered a more economical
tolerance to produce and to verify. Figure 10-9 shows a comparison
between symmetry and TOP (RFS).

GEOMETRIC CONTROL
CONCEPT

SYMMETRY TOP (RFS)
Tolerance zone Two parallel planes Two parallel planes
Tolerance zone Median points of The centerplane of
appliesto. .. toleranced FOS the AME
Types of part ; . ; ;
characteristics | Oientaionand | Orientation and
being controlled '
Relative cost to
produce 339 33
Relative cost to
inspect 33 3

FIGURE 10-9 Differences Between Symmetry and TOP
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Legal Specification Test for a Symmetry Control
For a symmetry control to be a legal specification, it must satisfy the
following conditions:

- The feature control frame must be applied to a planar FOS that is
symmetrical about the datum centerplane.

- Datum references are required. The datum references must ensure
that a legal datum centerplane is established.

- No modifiers may be used in the feature control frame.

If any of these conditions are not fulfilled, the symmetry specification is
incorrect or incomplete. Figure 10-10 shows a legal specification

flowchart for a symmetry control.

QUESTIONS

@ Do the datums referenced No

specify a centerplane? (D

5 Yes ‘

® Is the feature control frame

applied to two or more feature @ No

surfaces that are symmetrical

about the datum axis or This is an

centerplane? Yes ILLEGAL

specification of
a symmetry

@ Are any of the following Yes control.

modifiers specified?

(@.0.6.0.2)

No

This is a LEGAL specification of a
symmetry control.

FIGURE 10-10 Legal Specification Flowchart for a Symmetry Control
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Inspecting Symmetry Summary
Figure 10-7 shows a part with a symmetry control. When inspecting this A summarization of concentricity and symmetry control information is
part, three separate checks are required: the size of the slot, its Rule #1 shown in Figure 10-12.

boundary, and its symmetry. Symmetry requires the establishment and

verification of the location of a feature's median points. — Can be applied to a e —, I
. o ) Symbol | reference |Two or more |Cylindrical | WCB MO®® | override | zone

One way to inspect the symmetry control for the part in Figure 10-7 is required | planar feature | or surface modifier Rule #1 | shape

shown in Figure 10-11. surfaces of revolution
© Yes No Yes Yes No No Cylindrical

Variable jaws S :
== Yes Yes No Yes Nao No Parallel planes
Height gage with dial indicator

FIGURE 10-12 Summarization of Concentricity and Symmetry Controls

VOCABULARY LIST

New Terms Introduced in this Chapter

. Concentricity
| Concentricity control Study Tip
Symmetry you don't recall its

meaning, look it up in
the chapter.

@ Using the height gage, measure the opening of the variable jaws:

- Establish the location of the datum centerplane from the By Ery control

{ G . — Medisif it 5 Read each term. If
|
I
|

{ surface plate.
M - Locate the dial indicators to be at the datum centerpians.
| | @ Take a two-point measurement on opposing part surfaces:
- The difference in the gage reading—divided by two--is the
symmetry error of the median point.

@ Repeat as many times as necessary.

FIGURE 10-11 Inspecting Symmetry

ADDITIONAL RELATED TOPICS

| Topic ASME Y14.5M-1994
| ren
Refe o Author’'s Comment
; These topics, plus
e Spherical tolerance zone Paragraph 5.12.1 advanced coverage of

many of the topics
introduced in this text, |
will be covered in my
new book on
advanced GD&T
concepts.

|
i

. ‘ 292 293
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QUESTIONS AND PROBLEMS 8. Fill in the chart below.
1. Describe the tolerance zone for concentricity. CONCEPT CONCENTRICITY TOTAL RUNOUT {,Jﬂfd‘g':?.a,
Describe the shape
) of the tolerance
2. Describe the tolerance zone for symmetry. e

What characteristic
of the toleranced
feature must be

6.86 within the tolerance
— Pes2 zone?

y Does Rule #1 still
apply to the
toleranced feature?

T_ 3.84

* @ 3.80 B What type of

A © @002 |A characteristics of

f the toleranced

feature are being
controlled?

Questions 3-7 refer to the drawing above. .
9. For each symbol shown below, indicate if it is a legal specification. If a control is illegal,

I! 3. What controls the location of diameter B? explain why.
|
| A. |© o5 (A
I 4. What are the shape and size of the tolerance zone for the concentricity callout?
l B. | © |gosP)10 | A
'I 5. Does Rule #1 apply to diameter B? 0.5 A
i c. ©|zos®A®
l , 6. The : : of diameter B must be within the concentricity tolerance zone. D. [©[zo5 [A
A. median points
i B. axis of the AME
' E. @05 A
| C. TIR © ™)
D. runout

7. The maximum possible offset between a median point of diameter B and the datum axis is




T
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-_— S =

10. Describe a median point. 15. Fill in the chart below.

CONCEPT SYMMETRY POSITION (RFS)

(applied to a planar FOS)
14.8 Tolerance zone
16.0 14.6 B shx
pe
| _ | 0.4 | A [

What characteristic
T | of the toleranced
feature must be
A within the tolerance
zone? o

| . Questions 11-14 refer to the drawing above. Does Rule #1 apply

; . to the toleranced
11. What is the shape and size of the tolerance zone for the symmetry callout? feature?

What type of .
characteristics of
the toleranced

!
| | 12. Does Rule #1 apply to tab B?

| feature are being
! 13. The symmetry callout controls the of tab B? controlled?

'; i A. centerplane of the AME

| B. median points

| C. straightness

! D. runout

16. For each symbol shown below, indicate if it is a legal specification. If a control is illegal,
explain why.

A. |—| o5 A‘

; 14. The maximum offset of the centerplane of tab B relative to datum centerplane A is
:.
|

i B. [ —|05M|A
i

| C.| =|05® A0
D. | =|05O|A®

E. [-=|05@)10|A
i
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Chapter

| 10.8

106 / D

3.78

.72

Runout

|
24.02 28.10
J ! @ 2398 @ 28.04

I 35,?——-—b—

17. Use the instructions below to complete the drawing above.

| a. Add a symmetry control to the keyway labeled B that will control its symmetry relative
to datum axis A. The tolerance value should be 0.06.

d b. Add a concentricity control to the diameter labeled C that will control its concentricity
i relative to datum axis A. The tolerance value should be 0.1.

¢. Add a symmetry control to the groove labeled D that will control its symmetry relative to
datum centerplane C. The tolerance value should be 0.12.

d. Add a symmetry control to the groove labeled E that will control its symmetry relative to
, datum centerplane C. The tolerance value should be 0.12.

| e. Add a concentricity control to the diameter labeled F that will control its concentricity
|[ relative to datum axis A. The tolerance value should be 0.06.

. f.  Add a concentricity control to the diameter labeled G that will control its concentricity
relative to datum axis A. The tolerance value should be 0.06.
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Author’s Comment

Older drawings used
terms like FIM (Full
Indicator Movement),
TIR (Total Indicator
Reading), or TIM
(Total Indicator
Movement) to
indicate runout,

INTRODUCTION

This chapter explains the concepts involved with the runout controls.
Runout is a composite control. A cemposite control controls the form,
location, and orientation of a part feature simultaneously (in a single gage

reading). Runout controls are often used to control the coaxiality of

diameters. A runout control always requires a datum axis. There are two
types of runout controls: circular runout and total runout. The symbols for
the runout controls are shown in Figure 11-1.

A Circular Runout

27 Total Runout

FIGURE 11-1 Runout Controls

A runout control can be applied to any part feature that surrounds, or is
intersected by, the datum axis. A runout tolerance value specified in a
feature control frame indicates the maximum permissible indicator reading

(gage travel) of the considered feature, when the part is rotated 360° about
its datum axis.

CHAPTER GOALS AND OBJECTIVES

There are Two Goals in this Chapter:

11-1. Interpret the circular runout control.
11-2. Interpret the total runout control.

Performance Objectives that Demonstrate Mastery of
These Goals
Upon completion of this chapter, each student should be able to:

Goal 11-1 (pp. 301-309)

List three ways a datum axis can be specified for a runout application.
- Describe what circular runout is.

- Describe the tolerance zone for a circular runout control (applied to a
diameter).

- Describe how circular runout is a composite control.

- Determine the maximum amount of axis offset from a circular runout
callout.

- Calculate the WCB in a circular runout application.
- Determine if a circular runout control specification is legal.
- Describe a method of inspection for circular runout.
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(Goal 11-2 (pp. 310-319)

Describe what total runout is.

- Describe the tolerance zone for a total runout control (applied to a
diameter).

- Describe how total runout is a composite control.

- Determine the max. amount of axis offset from a total runout
callout.

- Calculate the WCB in a total runout application.

- Determine if a total runout control specification is legal.

- Describe a method of inspection for total runout.

- Describe two differences between circular and total runout.

- Calculate distances on a part that uses runout.

CIRCULAR RUNOUT

Establishing a Datum Axis for Runout
There are three ways to establish a datum axis for a runout specification.
They are:

1. A single diameter of sufficient length

2. Two coaxial diameters a sufficient distance apart to create a
single datum axis g

3. A surface and a diameter at right angles

The three ways to establish a datum axis are illustrated in Figure 11-2.
Functional design requirements and part shape are considerations for
selecting one of these methods to establish a datum axis. Usually, the
features used for the datum axis are the same features that locate the part
in the assembly. A single diameter is used when the diameter is long
enough to orient the part. Two coaxial diameters are used when they
equally establish the orientation of the part. A surface primary, diameter
secondary is used when the surface orients the part. When a surface is
primary, the diameter should be very short.

TECHNOTE N-1 Establishing A Datum Axis For Runout

There are three ways to establish a datum axis for a runout control.
They are:

1. A single diameter of sufficient length

2. Two coaxial diameters a sufficient distance apart to create a
single datum axis

3. A surface and a diameter at right angles
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Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.
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Design Tip
If a diameter is too
short to establish an
axis for inspection,
the diameter will not
serve well as a
primary datum feature
in the function of the
part.

For more info. . .
See Paragraph
6.7.1.2.1 of Y14.5.

A single diameter of sufficient length

Ef i
e -

L o o L "
e i Datum axis A

\~ Chuck or collet

Datum axis A-B
2 ” [

FIGURE 11-2 Establishing a Datum Axis for Runout

Definition of Circular Runout

Circular runout is a composite control that affects the form, orientation,
and location of circular elements (individually) of a part feature relative to
a datum axis. A circular runout control is a geometric tolerance that
limits the amount of circular runout of a part surface. Circular runout
applies independently to each circular element of a diameter. It is referred
to as a composite control because it controls the form, location, and
orientation of a part feature simultaneously (in a single gage reading).
Circular runout is frequently used to control the location of circular
elements of a diameter. When applied to a diameter, it controls the form
(circularity) and location of the diameter to a datum axis.
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When the tolerance zone shape for a circular runout control is applied to a
diameter, it is easily visualized; it is two coaxial circles whose centers are
located on the datum axis. The radial distance between the circles is equal

to the runout tolerance value. Figure 11-3 illustrates the tolerance zone for
circular runout.

The size of the larger circle of the tolerance zone is established by the
radius to the surface element that is farthest from the datum axis. The
inner circle of the tolerance zone is offset from the larger circle by the
runout tolerance value. Figure 11-3 illustrates the size of a circular runout
tolerance zone. When verifying a diameter controlled with circular runout,
a dial indicator is placed perpendicular to the surface being verified. The

part is rotated 360° and the indicator measures the distance between the
circles.

Tolerance zone shape

Datum Part surface
[ e Two coaxial circles
4 I originate from the
@ 26.0 datum axis
254
——— —— —
AIIA
| + \
L 8.6 l Radius to surface element
2 B:d farthest from the datum axis

adial distance between circles equal to
| the runout lolerance valus(1)
WCE =27 |

FIGURE 11-3 Circular Runout Tolerance Zone

~ TECHNOTE 11-2 Circular Runout Tolerance Zone

The tolerance zone for circular runout is two coaxial circles that
~ are located on the datum axis.
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Author’'s Comment
If the runout tolerance
value is smaller than
the size tolerance of
the diameter, the
roundness of the
diameter will be
limited by the runout
control.
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0

Author's Comment
l This condition is the
| worst-case condition.
| It is used to calculate
tolerance stacks.

Circular Runout as a Composite Control
Circular runout is a composite control. It limits the circularity, orientation,
and axis offset of a diameter. When runout is applied to a diameter, it
affects the WCB of the diameter. When verifying runout, the dial indicator
reading includes several types of part errors, including form, orientation,
and location errors. Figure 11-4 illustrates these errors.

In Figure 11-4A, a part is dimensioned with a circular runout control. The
figure demonstrates how various indicator readings could occur.

In Figure 11-4B, a part is chosen, and the circular element being verified is
perfectly round and perfectly coaxial with the datum axis. As the part is
rotated 360° about the datum axis, the gage reading (runout value) will be
zero.

In Figure 11-4C, a part is chosen and the circular element being verified is
out-of-round (lobed). The out-of-round element is still within the size
limits of the diameter. The axis of the circular element is still perfectly
coaxial with the datum axis. As this part is rotated 360° about the datum
axis, an indicator reading—or runout error—is obtained. The indicator will
read the out-of-round of the circular element as a runout error.

In Figure 11-4D, a part is chosen, and the circular element being verified is
perfectly round, but its axis is offset from the datum axis. As this part is
rotated 360° around the datum axis, an indicator reading (or runout error)
is obtained. This time, the entire runout error is produced from the axis
offset. Note that an axis offset of 0.15 produces a runout indicator reading
of 0.3. The maximum possible axis offset is equal to one-half the runout
tolerance value. Whenever any roundness error exists in the toleranced
feature, the allowable axis offset will be reduced by the amount of the
roundness error. However, the indicator reading does not separate the
roundness error from the axis offset.

Circular runout is also an indirect orientation control. In Figure 11-4D,
each end of the axis of the toleranced diameter could be mislocated in the
opposite directions by one-half the runout tolerance value. This would
result in a parallelism control (or in some cases, a perpendicularity control)
control equal to the runout tolerance value.

Chapter 11 - Runout Controls

20.6 ~

feature axis are coaxial

i
T
/
10.4
@ 10.1
WCB =209
B Indicator reading (runout value) equal to zero
S Circular element is perfectly round
\ Datum axis and feature axis are coaxial
C Indicator reading (runout value) equal to 0.2
Datum axis and -

Circular element is out-of-round
within size limit

r-D.Z
|

\
\

@206 @ 202 .
i _AJ\ Circular element rotated 90°

Axis of circular
element —

0.3

015
(Max offset or

Indicator reading (runout value)
equal to 0.3
Auxis of toleranced diameter

must be located and oriented
within this zone

Circular element is
perfectly round

eccentricity —*

Datum axis

possible) ) \ _//é¥

Feature rotated 180°

FIGURE 11-4 Circular Runout as a Compasite Control
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Figure 11-6 illustrates an application of circular runout applied to a surface
that is perpendicular to the datum axis. This type of application is used to

control the wobble of a surface. In this application, the following
When a diameter is controlled by circular runout, its maximum conditions apply:

possible axis offset from the datum axis is equal to one-half the
runout tolerance value.

TECHNOTE 11-3 Runout Control Axis Offset

i - The runout control applies RFS.
| - Runout applies at each circular element of the surface.
I

- The shape of the tolerance zone is two coaxial circles offset axially
by 0.2 at the point of measurement.
Circular Runout Applications - The circular runout control does not control the orientation of the

Figure 11-5 illustrates a circular runout application. In this application, the surface.
following conditions apply:

! - The diameter must meet its size requirements. Ll
| - The worst-case boundary is affected (24.6 + 0.2 = 24.8).
| - The runout control applies RFS.
- Runout applies at each circular element of the toleranced diameter. w0 [T jH
. - The runout tolerance zone is two coaxial circles 0.2 apart. 199
- The maximum possible axis offset is 0.1.

¥
:
=

Design Tip
It is preferred to use
- - — — - | perpendicularity to

" A
we [ 8 3 I;a ‘lm\ J

iy 13 - VR
________________ - A
¢

Max permissibla indicator
reading 0.2

Chuck or collet

Datum axis A

FIGURE 11-5 Circolar Runout Applied to a Diameter
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~+—— Angular relationship to the datum axis is
,\ nof controlled

Max indicator
reading 0.2

_........TE-_ i L ) \— Datum axis A
\— Chuck or collst

FIGURE 11-6 Circular Runout Applied to a Surface
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control squareness of
a surface to an axis.
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Legal Specification Test for a Runout Control

For a runout control applied to a diameter to be a legal specification, it
must satisfy the following conditions:

- A datum must be referenced in the feature control frame.
- Datums referenced must specify a proper datum axis.

A runout control must be applied to a surface element that surrounds
or 1s Intersected by the datum axis.

- The runout control must be applied on an RFS basis.
- The runout control must not include any modifiers.

Figu_re 11-7 shows a legal specification flowchart for a runout control
applied to a diameter.

Author’s Comment
This legal specific-
ation flowchart may
be used for circular
and total runout.

QUESTIONS

@ Is a datum reference
specified?

® Do the datum(s) referenced
specify one of the three types of
datums axes shown below?

1. Single dia. of sufficient length
2. Two diameters spaced apart
3. A surface primary, dia. secondary

® Is the runout control applied to
a surface which surrounds or is
intersected by the datum axis?

This is an
ILLEGAL
specification of
a runout callout,

@ Are any of the following
modifiers specified?

w®OE O

runout callout.

This is a LEGAL specification of a"

FIGURE 11-7 Legal Specification Flowchart for Runout
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Verifying Circular Runout

In Figure 11-8, a circular runout control is applied to a diameter. When
verifying this diameter, three separate checks should be made: the size of
the diameter, the Rule #1 boundary, and the runout of the diameter.
Chapter Two explains how to check the size and Rule #1 boundary. Now
we will look at how to verify the runout requirement.

One way a circular runout control could be verified is shown in the lower
half of Figure 11-8. First, the part is mounted in a chuck or collet to
establish datum axis A, then a dial indicator is placed perpendicular to the
surface of the diameter being inspected. The part is rotated 360°, and the
total indicator reading (TIR) is the runout tolerance value for that circular
element. The dial indicator is moved to another location on the diameter,
and another indicator reading is obtained. The number of circular elements
to be checked is usually left to the inspector’s judgment.

12.2

”‘Z’m,u T /'\\/‘_E-\\
1 h ens % )
| o)

WCB = 30.9

Chuck or collet

Maximum permissible dial
indicator reading Is the
runout tolerance value

Part rotated 360°

Datum axis A
Several indicator readings are
taken al different locations
an the diameter

FIGURE 11-8 Verifying Circular Runout

TECHNOTE 11-4 Verifying Circular Runout

When verifying circular runout, the runout tolerance value is the
maximum dial indicator reading for the circular element being
checked.
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For more info. . .
See Paragraph
6.7.1.2.2 0f Y14.5.

TOTAL RUNOUT

Definition

Total runout is a composite control affecting the form, orientation, and
location of all surface elements (simultaneously) of a diameter (or surface)
relative to a datum axis. A total runout contrel is a geometric tolerance
that limits the amount of total runout of a surface. It applies to the entire
length of a diameter simultaneously. It is referred to as a composite control
because it affects the form, orientation, and location of a part feature
simultaneously. Total runout is frequently used to control the location of a
diameter. When applied to a diameter, it controls the form (cylindricity),
orientation, and location of the diameter relative to a datum axis.

When applied to a diameter, the tolerance zone shape for a total runout
control is easily visualized; it is two coaxial cylinders whose centers are
located on the datum axis. The radial distance between the cylinders is
equal to the runout tolerance value. Figure 11-9 illustrates the tolerance
zone for total runout.

The size of the larger cylinder is established by the radius to the surface
element that is farthest from the datum axis. The second cylinder of the
tolerance zone is radially smaller than the larger cylinder by the runout
tolerance value. When verifying a diameter controlled with total runout, a
dial indicator is placed on the surface being verified. The part is rotated
360°, and the dial indicator is moved along the surface of the diameter; it
indicates the radial distance between the cylinders.

—egg T 0’7/\/\
i =, emmm o 128 \f{ (/f“‘w

- ——} 128 v m@/
BT Tl SR A o1 [A] N
a WCB =129

Indicator is moved paraliel
to the datum axis as the
part is rotated

Daturm axis A

Two concentric cylinders >>
Radial distance between cylindars is 0.1

FIGURE 11-9 Total Runout
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TECHNOTE -5 ‘i‘ofql Runout Tolerance Zone

When applied to a diameter, the tolerance zone for a total runout
control is two coaxial cylinders that are located on the datum axis.

Total Runout as a Composite Control

Total runout is a composite control; it limits the cylindricity, orientation,
and axis offset of a diameter. When total runout is applied to a diameter, it
affects the worst-case boundary of the diameter. When verifying total
runout, the dial indicator reading includes all three types of part errors.
Figure 11-10 illustrates how form and location errors are combined in a
total runout verification. As a diameter is being verified with a dial
indicator, an indicator reading would be produced by any error in feature
roundness. Since the indicator is being moved along the axis as the part is
rotated, the indicator would also be affected by the siraightness and taper
of the surface of the diameter. Even though there is no axis offset, the dial
indicator detects the form errors.

A part could be produced such that the entire runout error results from the
axis offset. An axis offset of 0.2 produces a runout gage reading of 0.4,
The maximum possible axis offset for total runout is equal to one-half the
runout tolerance value. Whenever any form error exists in the toleranced
feature, the allowable axis offset will be reduced by the amount of the
form error. However, in a total runout verification, the gage reading does
not separate the form error from the axis offset.
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Design Tip
The WCB of a
diameter is the same
whether circular or
total runout is
specified. Since
circular runout is
easier to manufacture,
do not use total runout
unless the additional
control of the form
(straightness or taper)
is required for part
function.
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14.6

J’ ? 14.3 1

Dial indicator is
moved along the
surface

Datum axis A

Part rotated
360°

The dial indicator would measure:

Cylindricity These types of part
Orientation errors are combined

) into a single indicator
Axis offset reading “

FIGURE 11-10 Total Runout as a Composite Control

TECHNOTE N1-6 Total Runout Control Axis Offset

When a diameter is controlled by total runout, its maximum
possible axis offset from the datum axis is equal to one-half the
runout tolerance value.
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Total Runout Application

Figure 11-11 illustrates a total runout application. In this application, the O

following conditions apply:

- The diameter must meet its size requirements.

- The WCRB is affected (24.6 + 0.2 = 24.8).

- The runout control applies RFS.

- The runout applies simultaneously to all elements of the diameter.
- The tolerance zone is two coaxial cylinders 0.2 apart.

- The maximum possible axis offset is 0.1.

Author’s Comment
If the runout tolerance
value is smaller than
the size tolerance of
the diameter, the
roundness and

o el A SN

2 140

Dial indicator is moved
along the surface as
the part is rotated

Maximum permissible
dial indicator reading
is the runout tolerance
value

Datum axis A

straightness of the
diameter will be
limited by the runout
control.

FIGURE 11-11 Total Runout Applied to a Diameter
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Figure 11-12 illustrates an application of total runout applied to a surface

that is perpendicular to the datum axis. This type of application is used to Ver,lfymg Total Runout ; . : Wh
control the squareness of a surface to a datum axis. In this application, the In Flgum 1_1-11.’:, a total runout control is applied to a diameter. When
- following conditions apply: verifying this diameter, three separate checks should be made: the size of
| the diameter, the Rule #1 boundary, and the runout of the diameter.
- The runout control applies RFS. Chapter Two explains how to check the size and Rule #1 boundary. Now
. - The runout applies to all elements of the surface simultaneously. we will look at how to inspect the runout requirement.
i - The shape of the tolerance zone is two parallel planes endicular , ; N—
‘ ‘ to the datum axis. ¢ ¥ B One way the total runout control could be verified is shown in Figure 11-
I | - The runout symbol controls the angular relationship (orientation) of 13. Flrst,‘the. part is rqounted ina chuck‘ or collet to establish datum'ams A.
‘ '1 the surface to the datum axis. Then a dial indicator is placed perpendicular to the surface of the diameter
'l - The runout control also limits the flatness of the surface being inspected. The part is rotated 360°, as the dial indicator is moved
| axially along the surface, and the total indicator reading (TIR) is the runout
" tolerance value for the surface.
27| 04 4] ;
‘ = 122 ;
| 2120 T ”—>\
| & ' L )
il ' = —f} e [ O/
l‘ _______ I . | (A os]a k\__., /
Design Tip - \
' If the design intentis | |  |fooooo—_ WeB =05
to control the - — - e ————— = Sz S s
i squareness of the '
'r surface relative to the Chuck or collet
axis, it would be more Max permissible dial indicator
l straightforward to use reading is the runout
‘M a perpendicularity tolerance value
control. o - T o Part rotated 360° and
the gage is moved
i along the surface
)
IE Datum axis A
i Indicat helix
-.,,,_"J; f Datum axs A on the:::i:?aifame
diameter

.......... FIGURE 11-13 Verifying Total Runout
I Indicator moves
— -

radially as part
is rotated

TECHNOTE N-7 Verifying Total Runout
Section A-A

When verifying total runout, the dial indicator is moved axially
along the surface, and the dial reading is the runout tolerance value
for the diameter being checked.

| FIGURE 11-12 Total Runout Applied to a Surface

| Legal Specification Test for Total Runout
The legal specification test for total runout is the same as the test for

circular runout. The legal specification flowchart for circular runout is
shown in Figure 11-7 on page 308.
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In_Figure 11-14, a runout control is applied to a surface. When inspecting : :
this runout requirement, the part would be mounted in a chuck or collet to Runout Applied to a Diameter
establish datum axis A. Then a dial indicator is placed perpendicular to the ;
surface being inspected. The part is rotated as the dial indicator is moved CGoneept Swrcular Ruriout | totl hunout
radja]ly, and the TIR is the runout tolerance amount for the surface. Tolerance Two coaxial Two coaxial
. zone circles cylinders
: S e Relative $ $9
\ cost to produce
Relative
\ - - cost to inspect $ $3
/ Pt Part Location Location
]. A characteristics Orientation Orientation
{ being controlled | Circularity Cylindricity
| -- = £

FIGURE 11-15 Comparison of Circular and Total Runout

! Chuck or collet
I ;\s_
i

A part could pass a circular runout verification and fail a total runout

1' Bt h verification. Figure 11-16 shows two parts with zero circular runout error
] and 0.1 total runout error. In each case, the straightness or flatness error of
|' > straig
| Indicator moves the part surface would not be detected in a circular runout check, but
| e e { :: cr:ma? part would be detected in a total runout’ check.
' -
I
f FIGURE 11-14 Verifying Total Runout
I
: [ e 0.1
| Comparison Between Circular and Total Runout T_' -
i Circular and total runout controls are used to tolerance coaxial diameters. ' '
Both controls are similar, but some significant differences exist. The chart — =T — o
in Figure 11-15 compares these controls (when they are applied to a q
diameter). |
Circular runout error = 0 Circular runout error =0
Total runout error = 0.1 Total runout error = 0.1

FIGURE 11-16 Comparison of Circular and Total Runout
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|

| RUNOUT CALCULATIONS

| - 248

In industry, it is very common to make a calculation to find a max. or min. oo

distance on a part. When calculating a max. or min. part distance, all of the
| ! part tolerances must be included. This section explains how to use runout
‘ ' controls in part calculations. The technique shown can be used for circular
i

7

For more info. .. | or total runout.
This text provides a
brief introduction to

tolerance stacks. For S, I

Il more informationon | 10l€rance Stacks Using Runout

- Start

this topic see Tolerance stacks on a part that uses runout is straightforward. In this End—y — & St | o \ B A
| reference number six | section, a simple method of how to calculate the max. and min. distance R L T+ ' 777 o =r L°

listed in between two diameters is explained. This calculation involves using the Z L) V- 0 $ v-
-. the bibliography. . . ; ’//// 0] @ @

| radius of the diameters and the runout tolerance between the diameters. / Z v - o ) v,
1 [ ! L oo

! Figure 11-17 shows an example of a part calculation to find the max. and s
'I min. distance between two diameters of a part. When reading the steps L2227
J| below, refer to Figure 11-17. [
A I
i T 3
| 1. Label the start and end points of the distance to be calculated. i istance X Minimum distance X

On the start point of the calculation, draw a double-ended arrow.

. . I .
Label the arrow that points towards the end point of the @ -11.0 Min radius (ID) ’ . @ - 111 Maxradius (ID)
| calculation as positive (+). Label the other arrow as negative (-). @ + 02 Runout (ID) to datum axis A @ - 02 Runout (ID) to datum axis A
. Each time a distance that is in the direction of the positive arrow ® + 0.15 (OD) Runout to datum axis A ® - 0.15 (OD) Runout to datum axis A
- is used in the calculation, the distance will be a positive value. : @ : ;
b ; . A ; el s . [ +12.2  Min radius (OD)
| When a distance is used in the negative direction, it will be a @® + 124 Max radius (OD) : s (

1 negative value. L "o
_ l 2. Establish a loop of part dimensions or gage distances (as in :
1 Figure 1-17) from the start point to the end point of the FIGURE 11-17 Tolerance Stacks Using Runout
l ‘ calculation.
3. Calculate the answer. Summary

: . A summarization of runout control information is shown in Figure 11-18.
When solving for a min. distance, half the runout tolerance value is

subtracted from the calculation. When solving for a max. distance, half the Datum Can be applied to a | Can affect | Can ue Can be Can n _—
' runout tolerance value is added to the calculation. Symbol | reference [gyface | FOS |WCB WOD® | applied avaroe shape **
| required modifier atRFS Rule #1
| .
| P4 Yes Yes Yes Yes | No Yes* No 2 coaxial circles
! /4/’ Yes Yes Yes Yes No Yes* No 2 coaxial cylinders
| * |Is automatic per Rule #2 ** When applied to a diameter
1

FIGURE 11-18 Sammarization of Runout Controls
1l
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VOCABULARY LIST QUESTIONS AND PROBLEMS
| New Terms Introduced in this Chapter 1. Describe what runout is.
Circular runout
Circular runout control
: ' Study Tip Composite control
Read each term. If Total runout i axi i icati
| e ST Total ranont contccl 2. List three ways a datum axis can be established for a runout application.
‘ meaning, look it up in
| the chapter.
l
3 3. Describe the shape of the tolerance zone when circular runout is applied to a diameter.
H

|l 4. Circular runout is considered a composite control. List three types of part errors a circular
runout may affect. '

|
m ADDITIONAL RELATED TOPICS
Topic ASME Y14.5M-1994 Ty

Author’'s Comment Reference - + T

These topics, plus - A //ﬁ 14.3 18.2

advanced coverage of | ® Using runout to control Paragraph 6.7.1.3.4 ' 2 140 © 2175 D

i many of the topi datum feat _ T . .
" introduced in thizslext, S /W l £ l i ‘ - ‘ 1 = | e IA |
i will be covered in my 1 -t -
i new book on
I advanced GD&T 10.6
| concepts. — @ 10.0 B
1. A
Ii _'
: 5. Use the drawing above to fill in the chart below.
|
; Dia Max Possible Axis Offset
| ’ from Datum Axis A
“ B
L
I C
II
D
320
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128 8. Describe what total runout is.

]

9. Describe the shape and size of the tolerance zone when total runout is applied to a diameter.

10. Total runout is considered a composite tolerance. List four types of part errors that a total
runout control may affect.

6. Use the drawing above to fill in the chart below.

i APPLIES TO

il WHRETGN 11. For each total runout control shown below, indicate if it is a legal specification. If a control
i DIA B DIA C DIA D DIA E P s ;
1 is illegal, explain why.

The size of the diameter is

' limited to. . .
l A. !”QO.ZlAl

The roundness of the

diameter is limited to. . . B. |é’\ 0.2® I A I
I The maximum offset C. ‘d/f| °_2® ' A | '

I between the diameter axis
and datum axis Ais. . .

Describe the tolerance zone
for the runout controls

control is illegal, explain why.

| D. [#A] 02 [B]A]
' applied to the diameter.
How many places should the
runout control be checked
on this diameter? T
I
227 16,52
| What is the outer boundary 225 B = — T 2648
(virtual condition) of this (2" o1 ]a] 2 |
:r diameter?
11.0 10.8
| — D400 C 2 106 D
| ot s BB B P 2 27 1 Al
I 1. For each circular runout control shown below, indicate if it is a legal specification. If a o
|

12. Use the drawing above to fill in the chart below.

A | N J 02 | A _ - Max Possible Axis Offset
a from Datum Axis A

|

;_ B. | *] 02 [B]A

I B
i C.| M|o2@|A -
| D. | # |g02 |A
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14. Circle the letters of the
a diameter.
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oy

148
2144 D

[A]

Use the drawing above fill in the chart below.

QUESTION

—

APPLIES TO
—
DIA B DIA C

DIA D DIA E

The size of the diameter is
limited to. . .

.

The roundness of the
diameter is limited to. . .

—
The maximum offset
between the diameter axis
and datum axis A js. .
e -

Describe the tolerance

Zone for the runout controls
applied to the diameter,

|
What is the outer boundary
(virtual condition) of this
diameter?

Statements that apply when checking a tota] Tunout control applied to

. The diameter must be within itg size limits.

The part is rotated

about the datum axis,
The dial indicator i

§ moved along the datum axig as the part

is rotated.
324

14.8
@ 186 — 2 140

— 2 10.0 205
14 [ ATos[a] ? 204
_—
[AToz]4] Y
i i t
y N | C
| ot T ] *
¥ L
i T_ @ 6.2:01
L Tt - [ ATo4]4]
E T B
D

g

10.4

15. Use the drawing above to fill in the chart.

DISTANCE MAX

MIN
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14.2
@ 14.0

|/_ Surface A
72
re—

6.8

S

]

16. Use
a.

b.

the instructions to complete the drawing above:
Specify surface A as “datum A.”

Add a control to surface A that limits its flatness to 0.1 maximum.

Add a control to diameter D that limits its perpendicularity to datum A within a 0.1
diameter cylindrical tolerance zone when diameter D is at MMC.

Specify diameter B as datum B.

Add a control to diameter C that limits the runout of its circular elements to within 0.2
relative to datums A and B.

Specify diameter C as datum C.

Add a control to diameter D that limits the runout of its circular elements to within 0.5
relative to datums A and B.

Add a control to diameter E that limits the runout of its circular elements to within 0.8
relative to datum C.

Add a control to diameter F that limits the runout of its circular elements within 1.0
relative to datums A and B.
326
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Study Tip
Take a few minutes to
fully understand these
objectives. When
reading this chapter,
look for information
to help you master
these objectives.

INTRODUCTION

This chapter explains the concepts involved with using profile tolerancing.
There are two types of profile controls: profile of a surface and profile of a
line. The symbols for these profile controls are shown in Figure 12-1.

Profile of a surface is considered the most powerful control in the geomet-
ric tolerancing system. It can be used to control the size, location, orienta-
tion, and form of a part feature. Profile of a surface or line can be used to
tolerance planar surfaces, cylinders, cones, curves, and irregular curves.

> Profile of a Surface
7\ Profile of a Line

FIGURE 12-1 Profile Controls

CHAPTER GOALS AND OBJECTIVES

There are Three Goals in this Chapter:
12-1. Understand profile tolerancing.

12-2. Interpret the profile of a surface control.

12-3. Interpret profile of a line control.

Performance Objectives that Demonstrate Mastery of
These Goals

Upon completion of this chapter, each student should be able to:

Goal 12-1 (pp. 329-334)
- Explain the effect of using profile with or without datum references.
- Describe the term, “true profile.”
- List four part characteristics that a profile control can affect.
- Interpret a bilateral profile control tolerance zone.
- Interpret a unilateral profile control tolerance zone.

- Describe the extent to which a profile callout tolerance zone applies
to a part.

- Describe the effect of the symbol for “between.”
Describe the effect of the symbol for “all around.”
List three advantages of using profile controls.
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Goal 12-2 (pp. 335-343)

- Describe the shape and size of the tolerance zone for a profile of a
surface application.

- Describe the shape and size of the tolerance zone for a profile of
coplanar surfaces application.

- Explain when to use multiple single-segment profile controls.

- Describe the effect of each segment of a multiple single-segment
profile of a surface application.

- Determine if a profile of a surface specification is legal.

- Describe how profile of a surface can be inspected.

Goal 12-3 (pp. 343-348)

- Describe a profile of a line control.

- Describe where a profile of a line control is most commonly used.

- Describe the shape and size of the tolerance zone in a profile of a
line application.

- Describe the effect of profile of a line when used with coordinate
tolerances.

- Determine if a profile of a line specification is legal.

- Describe how a profile of a line control can be inspected.

- Calculate distances on a part dimensioned with profile.

GENERAL INFORMATION ON PROFILE

Profile Terminology

A unique aspect of profile controls is that they can be specified with a
datum reference (as a datum-related control) or without a datum (as a form
control). When datums are referenced, the profile tolerance zone is related
to the datum reference frame. When no datums are referenced, the profile
tolerance zone applies where the part surface actually exists.

TECHNOTE 12-1 Profile as a Related Feature Control

or as a Form Control

- When a profile control is specified with datum references, it is a
related feature control.

- When a profile control is specified without datum references, it
is a form control.

329

For more info. . .
See Paragraph 6.5.4
of Y14.5.
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For more info. . .
See Paragraph 6.5 of
Y14.5.

A profile is the outline of a part feature in a given plane. A true profile is
the exact profile of a part feature as described by basic dimensions. A pro-
file control is a geometric tolerance that specifies a uniform boundary
along the true profile that the elements of the surface must lie within. A
profile of a line control is a type of profile control that applies to line ele-
ments of the toleranced surface. Figure 12-2 illustrates these terms. When-
ever a profile control is used, it is associated with a true profile (a surface
defined with basic dimensions). The true profile may be located with basic
or toleranced dimensions relative to the datums referenced in the profile
control.

— A profile control specifies a uniform
boundary within which the part
surface must be

An outline that is defined
within basic dimensions is
called a frue profile

>~ 140

64

The outline of a part
is called its profile

FIGURE 12-2 Profile Control

A profile control can be used to control four part characteristics: size, lo-
cation, orientation, or form of a part feature. It can be applied to single or
multiple features. Several profile controls may be applied to a single fea-
ture.

TECHNOTE 12-2 Profile

- A profile control must be applied to a true profile.
- A profile control can be used to control: size, location,
orientation, or form

Profile Tolerance Zones

When a profile of a surface control is specified, the tolerance zone is a uni-
form boundary (a 3-D tolerance zone). It applies for the full length, width,
and depth of the surface. When a profile of a line control is specified, the
tolerance zone is two uniform lines (a 2-D tolerance zone). It applies for
the full length of the surface.
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Unless otherwise indicated, where a profile control (surface or line) is
associated with a feature, the tolerance zone is a bilateral tolerance zone
with equal distribution. An example is shown in the “default” section in
Figure 12-3. This is the most common tolerance zone used with profile.
However, when using profile controls (surface or line), three other distri-
butions are permissible:

1. Bilateral tolerance zone (unequal distribution)
2. Unilateral tolerance zone (outside)
3. Unilateral tolerance zone (inside)

These tolerance zones are illustrated in the “optional” section in Figure 12-
3. Note that for each tolerance zone (other than bilateral with equal distri-
bution) phantom lines are added to the drawing. The phantom lines invoke
the special tolerance zone types.

For more info. . .
See Paragraph 6.5.1
of Y14 5.

PROFILE TOLERANCE

ZONE SPECIFICATION INERERRVTALEN - e
Bilateral - Equal distribution Tolerance zongisa 1.0
uniform boundary centered
around the true profile
@ The most
common
f‘\d{_ Datum plane A application of

profile

Datum plane B

| DEFauLT

Tolerance zoneis a 1.0
uniform boundary offset 0.8

outside the true profile @ Use of phantom

lines and basic

dimension

specify the

,_{— Datum plane A amount of
unequal

Datum plane B distribution

| oprionaL

T e — i — " —— i — " — | — . ia

® Use of a phantom
line denctes the
direction the
lolerance zone is

’\:,/_ Datum plane A

Datum plane B

| oemionAL

Tolerance zone is a 1.0 uniform
boundary offset inside the

t fite
s @ Use of a phantom

line denotes the
direction the
lolerance zone is
offset

r{— Datum plane A

5 Datum plana B

OPTIONAL

FIGURE 12-3 Profile Tolerance Zone
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When a profile control (surface or line) points to a surface, its tolerance
zone applies for the full length and width of the surface. If desired, the
profile tolerance zone coverage can be extended to include additional sur-

faces or the entire profile. There are three ways to extend the coverage of a
profile control:

1. A note associated with the profile control
2. The between symbol
3. The all around symbol

In Figure 12-4A, the profile control tolerance zone only applies to the sur-
face to which it is pointing. In Figure 12-4B, a note has been added to the
profile control to extend the coverage of the profile tolerance zone to in-
clude all the surfaces between points A & B.

In Figure 12-4C, a symbol has been used in place of the note. The symbol
is the “between” symbol. The between symbol is a double ended arrow
that indicates the tolerance zone extends to include multiple surfaces. This
symbol indicates the profile tolerance zone is extended. The letters on each
end of the arrow indicate the endpoints of the range surfaces included.

In Figure 12-4D, a circle has been placed on the bend of the profile control
leader line. This symbol is called the “all around™ symbol. The all around
symbol is a circle placed on the bend of the leader line of a profile control.

This symbol indicates that the profile tolerance zone applies all around in
the view on which it is shown.

TECHNOTE 12-3 Profile Tolerance Zone Coverage

- A profile control tolerance zone (surface or line) applies only to
the surface to which the control is directed, unless extended by
one of the three methods shown below.

- The tolerance zone can be extended to cover additional surfaces
by:

1. the between symbol;
2. the all around symbol; or
3. anote
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PROFILE SPECIFICATION

TOLERANCE ZONE COVERAGE

DEFAULT - Leader line touches a surface

A : (D] 08 [4]

©)
W

Profile tolerance
zone covers the
surface up to
the tangent point
at each end

OPTIONAL - Use of a note to extend

Author's Comment
In Y14.5, it is pre- |
ferred to use symbols
in place of notes.
Therefore, option C
is preferred over
option B.

| leader line

tolerance zone coverage Profile tolerance
B o A zone covers all
e surfaces between
POINTS A & B ponis A% B
PTB
PTE
OPTIONAL - Use of the between symbol
to extend tolerance zone coverage Prafie b ance
zane covers all
PTA surfaces between
points A& B
PTB
OPTIONAL - Use of all around symbol to
extend tolerance zone coverage
D [~ Profile tolerance
zone covers all
surfaces around the
outline of the view in
o which it is shown
.
All around
| symbol placed
| onbend of

FIGURE 12-4 Profile Control Tolerance Zone Coverage
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Advantages of Profile PROFILE OF A SURF.ACE ; o 5
In comparison to coordinate tolerancing, profile tolerancing offers many A profile of a surface control is a gco_metrlc .tolerance th.at limits the
! advantage. Three important advantages are: amount of error a surface can have relative to its true profllc_. Compmn
| applications for profile of a surface controls include controlling—either
1 L. It provides a clear definition of the tolerance zone. independently or in combination—the size, location, orientation and form
Il 2. It communicates the datums and datum sequence. of:
1 3. It eliminates accumulation of tolerances. .
'lj' .l - Planar, curved, or irregular surfaces Design Tip
; These advantages become obvious as profile tolerancing is compared to - Polygons , }:‘i’g:t’s ‘;fger“ et
i coordinate tolerancing. In Figure 12-5, a part is dimensioned with profile - Cylinders, surfaces of revolution, or cones appﬁcazgn foraladia
: controls in panel A and with coordinate tolerancing in panel B. In panel A, - Coplanar surfaces a dimensional
. the tolerance zone for the top surface of the part is clearly defined; it is a . measurement to a
| O 0.4-wide uniform boundary centered about the true profile. The surfaces P_rc'ﬁle Used to Tolerance a S_urface Location datum reference
I that contact the gage and the order in which they contact the gage are Figure 12-6 shov-vs an example of profile controls used to tolerance the | frame.
I communicated through the feature control frames. The top surface of the location, orientation, and form of a planar surface. This is the most com-
, part is affected by only one tolerance, the profile control. mon application of profile. In.this application, profile is applied to a planar

surface, and the following conditions apply:
Author's Comment | On the other hand, the coordinate tolerancing used in panel B doesn’t

. Profile tolerancing communicate the design intent as well. The tolerance zone for the top sur- - The profile callout is applied to a true profile. . _
| can be thought of as | face of the part is not easily described. The radius has a tolerance, and the - The true profile is related to the datums referenced with basic
di i . : ’ : :
f:l‘:; (i::; zlimm"cmg | location of the radius has a tolerance. Together they produce a tolerance dimensions. . .
| zone that is not uniform or logical. The drawing doesn’t communicate - The tol. zone is a uniform boundary centered around the true profile.
which surface, and in which order, the part is to be held on for inspection. - All elements of the surface must be within the tolerance zone
: Also, the coordinate tolerancing uses toleranced dimensions to locate the mmultaneousl}f. . _ _ ) For more info. . .
| radius. The tolerances from each dimension can accumulate and produce - The tol. zone limits the location, orientation, and form of the Figure 12-13 shows a
|| an unwanted tolerance accumulation surface. method for inspecting
this part.
i | | Drawing
A PROFILE TOLERANCING ‘ B COORDINATE TOLERANCING
|
‘J EI i R 1g§ ﬂ
48 .8 e
| 2x_-zs§_[s T -2X g3 % &
. X\ [eleo1@]a]s]! _—
: _I-':; ‘ 301
Y | 299 4 ¢
_q) [10] | Q -
5y .
= L@u = ! L 10.1
: 9.9 — e — e — o —
® Radius ® Radius Interpretation
Tolerance zone 0.4 wide uniform ‘ Tolerance zone shape unclear Tra profile
f boundary ) [ ® Must assume a datum sequence
® Datum sequence specified : ® Hole tolerances accumulate and may m&wunu o i
| ® No tolerance accumulation ‘ affect radius location |

FIGURE 12-5 Advantages of Profile :

Datum piane A
Profile tolerancing communicates more clearly than coordinate toleranc- |
1 ing. In many organizations, profile tolerancing has been used to simply o
replace coordinate tolerancing. kol SRS

FIGURE 12-6 Profile Used to Tolerance a Surface Location
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Profile Used to Tolerance a Polygon

Figure 12-7 shows an example of using profile controls to tolerance the
size, location, orientation, and form of a polygon. In this application, the
following conditions apply:

- The profile callout is applied to a true profile.

- The true profile is related to the datums referenced with basic
dimensions.

- The all around symbol extends the profile tolerance zone to apply to
all sides of the polygon.

- The tolerance zone is a uniform boundary centered around the true
profile.

- All elements of the surfaces must be within the tolerance zone.

- The tolerance zone limits the size, location, orientation, and form of
the polygon.

- A max. radius is used to limit the allowable radius on the corners of
the polygon.

— True Profile

—— Possible part contour

FIGURE 12-7 Profile Used to Tolerance a Polygon

336

T

Chapter 12 - Profile Controls

Profile Used to Tolerance a Conical Feature

Profile of a surface can be applied to conical features. It may be applied as
a form control (without datum references) or as a form and orientation
control (with datum references). Figure 12-8 shows an example of profile
applied to a conical feature.

In Figure 12-8, the profile controls the form and orientation of a conical
feature. In this application, the following conditions apply:

- The profile callout is applied to a true profile. (The basic angle
establishes the true profile.)

- The true profile is related to the datums referenced with basic
dimensions. (An implied basic angle equal to half the specified
angle exists.)

- The profile tolerance zone applies all around the cone. (When
profile is applied to a surface of revolution, it automatically applies
all around.)

- The tolerance zone is a uniform boundary centered around the true
profile. (The equal bilateral default is in effect.)

- All elements of the surface must be within the profile tolerance
zone. (The profile tolerance zone floats within the size tolerance
zone.)

- The profile tolerance zone limits the orientation and form of the
conical surface. (The size of the cone is limited by the toleranced
dimension.)

26 8
Y282

0.2-wide profile tolerance zone
m The diameter of zone is limited by the
| toleranced dimension
Datum axis A K [ T = T

B262MIN _ 26, 3
__/J e
Datum plane B

| ? MAX
FIGURE 12-8 Profile Used to Tolerance a Conical Feature

In this application, a toleranced dimension is used to define the size of the
cone. If a basic dimension is used to define the size of the cone, the profile
tolerance zone would also limit the size of the cone. See Figure 12-14.
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See Paragraph 6.5.8
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For more info. . .
See Paragraph 6.5.6.1
of Y14.5.

Profile Used to Tolerance Coplanar Surfaces

A profile control may be used when it is intended to treat two or more
coplanar surfaces as a single surface. In this type of application, the profile
control is a form control and does not use datum references; it simulates a
flatness control. When profile is used as a form control, the tolerance zone
is unilateral (away from the implied self-datum).

When profile of a surface (as a form control) is applied to coplanar sur-

| faces, it controls the form of the surfaces as if they were a single surface.

Figure 12-9 shows an example of profile applied to coplanar surfaces. In
this application, the following conditions apply:

The profile callout is applied to a true profile. (An implied basic
zero between the surfaces establishes the true profile.)

The number of surfaces being controlled is designated next to the
profile callout.

The tolerance zone is a unilateral boundary extending away from the
implied datum. (The unilateral tolerance zone is automatic with an
implied self-datum.)

All elements of the surfaces to which the tolerance applies must be
within the profile tolerance zone.

The profile tolerance zone limits the form and coplanarity of the
surfaces.

|l

FIGURE 12-9 Profile Used to Tolerance Coplanar Surfaces
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In an application where there are several coplanar surfaces, it may be de-
sirable to use two surfaces to create a single datum plane and tolerance the
remaining surfaces in reference to that datum plane. Figure 12-10 shows
an example of an application of multiple coplanar surfaces toleranced with
profile.

- The profile callout is applied to a true profile. (An implied basic
zero between the surfaces establishes the true profile.)

- The number of surfaces being controlled is designated next to each
profile callout.

- The tolerance zone for the profile control of the outer two surfaces is
a unilateral boundary extending away from the implied datum. (The
unilateral tolerance zone is automatic with a self implied datum.)

- The tolerance zone for the profile control of the inner two surfaces is
a bilateral boundary equally centered about the true profile.

- All elements of the surfaces (which each profile control applies to)
must be within the profile tolerance zone.

- The profile control on the outer surfaces limits the form and
coplanarity of the surfaces.

- The profile control on the inner surfaces limits the location,
orientation, and form of the surfaces.

2 SURFACES

£

0.3 profile tolerance zone
(up from datum plane A-B)

] r\é_. Datum plane A
hdo L L

e — i -K_

- Los . Datum plane B-C
Profile tolerance |

zane centered
about datum
plane B-C

FIGURE 12-10 Profile Used to Tolerance Multiple Coplanar Surfaces
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Profile Used in Multiple Single-Segment Controls

When profile is applied to a surface, it can control the size, location, ori-

entation, and form of the surface. This is acceptable in many applications; [40] 3X ~
however, often the functional requirements allow the size, location, orien- /

tation, and form tolerances to be at different values. This can be achieved | ax — — —
by using multiple profile controls on a surface.

:' A mulfiple single-segment profile control is where two or more profile '

| _ controls are tolerancing a surface relative to different datums. When using R25 : ; % I
multiple single-segment profile controls, different levels of control can be

' achieved by using different tolerance values and adding or removing da- @];
tum references. For example, if a profile control is applied to a surface, (™[ 10]Aa]B]c]

i and it contains no datum references, it will only control the form of the £[04 1A
surface. However, if a profile control that is applied to a surface contains £>] 02

| three datum references, it will control th: 1 i i
!. For more info. . ontrol the location, orientation and form of

See Paragraph
6.5.9.1.2 of Y14.5.

the surface.

L— (0.2 zone controls size and form; this zone is
not related to any datums and floats with the
0.4 zone

Multiple single-segment profile controls can be used to specify a different RS

amount of tolerance for different parameters of a surface. An example is
shown in Figure 12-11.

_~— 0.4 zone refines the orientation relative to
datum A, this zone floats within the 1.0 zone

1.0 zone controls location and orientation
relative to datums A, B, & C

/ Datum plane A

In this application, the following conditions apply:

The profile controls are applied to a true profile.
The profile control with three datum references controls the location
of the feature relative to datums A, B, and C.

$
—0

Author’s Comment

The concept of using - The profile control with one datum reference controls the orientation
multiple profile of the feature relative to datum A. = =
controls on a part is - The profile control with no datum references controls the size and

| only introduced in Datum plane B

this text. Y14.5 con-
tains a method called

form of the feature.

FIGURE 12-11 Multiple Single-Segment Profile Callout Application

“Composite Profile
'Iiolerancing" for TECHNOTE 12-4 Mulﬂple Profile Callouts
dimensioning part | Legal Specification Test for Profile of a Surface
i ?ﬂiﬁ?;:;"h complex || 1 a multiple single-segment profile control application, each profile For a profile of a surface control to be a legal specification, it must satisfy
requirements. control should have a different tolerance value and more or fewer the following conditions:
. datum references.
- The true profile must be defined with basic dimensions or be a

planar surface (or coplanar surfaces).

- No modifiers may be displayed in the tolerance portion of the
feature control frame.

- If the true profile is located with toleranced dimensions, the profile
tolerance must be a refinement of the tolerance value of the
dimensions.
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Author’s Comment
This legal specific-
ation flowchart may
be used for profile of
a surface and profile
of a line.

Figure 12-12 shows a legal specification flowchart for a profile of a sur-
face control.

QUESTIONS

® Is the profile control applied
to a planar surface or
coplanar surfaces?

® Is the profile control
applied to a true profile?

@ Are any of the following

modifiers specified? *
(@, (@, Cl5 ®

No Thisis an
@ Is the true profile located with | ILLEGAL
basic or toleranced specification of
dimensions? Basic Toleranced | “Prolecontrol
® Do the basic dimensions
relate the true profile back

to the datums referenced?

>

@ Is the profile tolerance
value a refinement of
the dimension(s) which
locate the true profile?

L

This is a LEGAL specification of a
profile control.

FIGURE 12-12 Legal Specification Flowchart for Profile of a Surface

* The MMC or LMC modifiers may be specified in the datum references
of a profile control.
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Inspecting Profile of a Surface

In Figure 12-6, a profile of a surface control is applied to a surface. There
are many ways this surface could be inspected. One way is to use a special
gage, as shown in Figure 12-13. First, the part is located in the datum ref-
erence frame. Then, a dial indicator is used to measure the distance from
the toleranced surface to the true profile. Depending on the dial indicator
reading of the part surface, the part surface will be determined to be in or
out of the profile tolerance zone. The number of points to be checked is
determined by the inspection plan.

Dial indicator

Profile tolerance zone
is movable in

/
: \— True profile of part

Part from Figure 12-6

FIGURE 12-13 Inspecting Profile of a Surface

4

TECHNOTE 12-5 Inspecting Profile of a Surface

When inspecting profile of a surface, the inspector measures points
along the surface to determine if the entire surface is in the
tolerance zone.

PROFILE OF A LINE

The basic concepts of profile of a surface and profile of a line are similar.
The primary difference is that the tolerance zone for profile of a surface is
three-dimensional, and the tolerance zone for profile of a line is two-di-
mensional. A profile of a line control is a geometric tolerance that limits
the amount of error for line elements relative to their true profile. The tol-
erance zone is established in the same manner as surface profile. The tol-
erance zone is two-dimensional; it is two uniform lines applied at any
cross section of the surface. Profile of a line provides a control in one di-
rection only. Therefore, profile of a line is often used as part of a multiple
single-segment control for a surface. It is common to use both a profile of
a surface and a profile of a line control on the same surface. Another
common method of applying profile of a line is as a refinement of a coor-
dinate tolerance. Examples of these applications are shown later in this
section.
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Profile of a line is often used in a multiple single-segment control as an
orientation and/or form control. If datum references are specified, the line
elements are oriented relative to the datums specified. If no datum refer-
ences are specified, the line elements are being controlled for form only.

Profile of a Line Used to Control Form and

Orientation in a Multiple Single-Segment Profile
Control

Often, profile of a line is used to control the form and orientation of the
line elements of a surface. Figure 12-14 shows an example where profile
of a surface controls the location as well as the orientation of the surface
(in one direction). Profile of a line controls the orientation of the line ele-

ments (in one direction) and the form of the line elements. In Figure 12-14,
the following conditions apply:

- The profile callouts are applied to a true profile.

- The profile of a surface control limits the size, location, and
orientation relative to the datums specified.

- The profile of a line control refines the form of the line elements.

- The profile of a line control refines the orientation of the line
elements in one direction. (Note that the profile of a line tolerance
value is less than the profile of a surface tolerance value.)

—— 0.8 wide profile tolerance zone controls size,
location, and orientation, relative to the datum
reference frame

0.2 Wlerance zone controls line
elements for form and crientation
relative to datum A; this zone
floats within the 0.8 zone

Datum axis A —,

Datum plane B

\~ Part

FIGURE 12-14 Profile of a Line Used in a Multiple Single-Segment Profile Control

True profile
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Profile of a Line and a Coordinate Tolerance Used to

Control Form and Location

In this example, profile of a line is used with a coordinate tolerance. The
coordinate tolerance locates the surface, and the profile callout refines the
form. The profile of a line control specifies two datum references; there-
fore, the profile of a line control affects the form and orientation of the line
elements. Figure 12-15 shows an example of profile of a line and a coordi-
nate tolerance used to control location, orientation, and form. In Figure 12-
15, the following conditions apply:

- The profile callout is applied to a true profile.

- The coordinate tolerance locates the surface.

- The profile of a line control refines the form and orientation of the
line elements in one direction. (Note that the profile of a line
tolerance value is less, than the coordinate tolerance value.)

Drawing

Pl
lgj\

Interpretation 0.2 tolerance znﬂe ior each line element. Location
may float within 15.8-16.6 tolerance zone
| 2 T NN
| N T T
i \
166 ] o~ BAmpnad gy

I — )

Datum plane A

FIGURE 12-15 Profile of a Line Used with a Coordinate Tolerance

Legal Specification Test for Profile of a Line

For a profile of a line control to be a legal specification, it must satisfy the
same conditions as profile of a surface. The legal specification flowchart
for profile in Figure 12-12 applies to both profile of a surface and profile
of a line.
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Inspecting Profile of a Line

In Figure 12-15, a profile of a line control is used as part of a multiple
control. The coordinate toleranced dimension would have to be inspected
to ensure the location of the true profile of the surface. This would involve
inspecting the height of the part. Now let’s look at how to inspect the pro-
file of a line control.

There are a number of ways the profile of a line control could be in-
spected. One way is to use a gage template as shown in Figure 12-16.
First, the template is placed on the surface line element. Then, a gage pin
with a diameter equal to the profile tolerance value is tried to check if it
can be inserted into the gap between the part surface and the gage tem-
plate. If the gage pin fits into the space between the gage template and part
surface, the part surface is out of the profile tolerance zone.

Datum plane B Profile template of large size

of profile tolerance zone

Measure the
height of the part

Use & gage wire to
measure gap
between template
and part line element

Datum plane A

FIGURE 12-16 Inspecting Profile of a Line

TECHNOTE 12-6 Inspecting Profile of a Line

When inspecting profile of a line, the inspector measures points
along the line element to determine if the entire line element is in
the tolerance zone. Several line elements along the surface would
be inspected. The number of points and line elements is ﬁeqmnﬂy
defined in the inspection plan.

PART CALCULATIONS

In industry, it is very common to make a calculation to find a max. or min.
distance on a part. When calculating a max. or min. part distance, all of the
part tolerances must be included. This section explains how to use profile
tolerances in part calculations.
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Tolerance Stacks Using Profile

Tolerance stacks on a part that uses profile (bilateral-equal distribution) is
straightforward. In this section, a simple method of how to calculate the
max. and min. distance on a part is explained. This calculation involves
using the profile tolerance of the top surface and the basic dimensions that
locate and define the radius. Figure 12-17 shows an example of a part cal-
culation to find the max. and min. height of a part. When reading the steps
below, refer to Figure 12-17.

1. Label the start and end points of the distance to be calculated.
On the start point of the calculation, draw a double-ended arrow.
Label the arrow that points towards the end point of the cal-
culation as positive (+). Label the other arrow as negative (-).
Each time a distance that is in the direction of the positive arrow
is used in the calculation, the distance will be a positive value.
When a distance is used in the negative direction, it will be a
negative value.

2. Establish a loop of part dimensions or gage distances from the
start point to the end point of the calculation.

3. Calculate the answer.

When solving for a min. distance, half the profile tolerance value (for a

bilateral-equal distribution control is subtracted from the calculation.

When solving for the max. distance, half the profile tolerance value is

added to the calculation.

2]
{22}~
L.Q'_L 1_ i
2}
| Py IEI
L
Nl
(] o [a]5]c] %—
4 @)
® |,
b
+
MAXIMUM DISTANCE X MINIMUM DISTANGE X
@© + 03 u yTOL @ - a3 uenTOL
@ - 120 BASICDIMTO[G] @ - 120 BASICDIMTO[B]
@ +18.0 FROM[B] TOSLOT @ +180 FROM[8] TOSLOT
@+ 05 nnTOL @ - 05 nOOTOL
68 52

FIGURE 12-17 Part Calculations Involving Profile
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This text provides a
brief introduction to
tolerance stacks. For
more information on
this topic, see refer-
ence number six listed
in the bibliography.
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Summary QUESTIONS AND PROBLEMS

, A summarization of profile control information is shown in Figure 12-18.

ile control doesn’t contain any datum reference, it is considered a
Datum Can be applied toa| Canuse | Canbe Override | Canuse | Canuse 1. Whena pl‘OflIe y
Symbol | reference [Surdace | FOS M or L) |appliedat | Rule #1 bonus datum shift control.
required maodifier RFS tolerance | concepls
concepts .

'I £ Yest | Ye [l No® Yes™ No® No Yes 2. When a profile control contains datum references, it is considered a
I -
| Y Yes* Yes No No* Yes* Ne® No Yes control

* Can be used with or without a datum reference
** |s automatic per Rule #2

® Must be applied to a true profile therefore Rule #1doesn't apply i ** rofile.”
® These modifiers may be used in the datum portion of the feature control frame 3. Describe the term “true P

FIGURE 12-18 Summarization of Profile Controls

" VOCABULARY LIST ’

| 4, List the four part characteristics that profile affects.

1.
'New Terms Introduced in this Chapter

| 2.
| All around symbol 3
: Between symbol 4'

- '\\/’/ Multiple single-segment profile control :
| Profile :
| Study Tip Profile control
' i Read cach term. If | Profile of a line control
| youdon'trecall the | 10 of 5 surface control [N\ 08 | A
| meaning of a term, fil
look it up in the True profile R12
chapter.
L
- A
| i
ADDITIONAL RELATED TOPICS
| }
Topic ASME Y14.5M-1994
| Reference ‘
5. For the drawing above, describe the shape, size, and location of the tolerance zone for the top
e Profile of a surface “all over” Paragraph 6.5.2 surface of the part.
f Author’'s Comment
I These topics, plus
(| advanced Covcrage 01' | ® Boundal'y COHIIO] fOI‘ Paragraph 6.5.5-1
many of the topics non-cylindrical feature
introduced in this text,
ill be covered i : ; ;
' :elw b‘:};ﬁ\;fd nmy e Composite profile tolerancing Paragraph 6.5.9.1
advanced GD&T
concepts.
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08 (A

10

v
10
i

6. For the drawing above, describe the shape,

size, and location of the tolerance zon
surface of the part. SN

7. On the drawing above, indicate the area of the part to which the profile control applies.

8. List three ways to extend the coverage of a profile tolerance zone.

I
2,
3.

9. Three advantage of using profile controls are:

&
2.
.
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10. Draw datum plane A in the space below. Add the profile tolerance zones for the part shown
in the figure above.

11. Use the drawing to fill in the chart.

| 1s [alele]
™| 10 |8
¢ | 0z
[ 18 ]

This profile Controls the Within Relative
callout (size, location, orientation, form) to

S Ale]
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: e, M Ea T@

30
[ 29 204

WK
1%

e 13. For the drawing above, describe the shape, size, and location of the tolerance zone for the
* s > [S]oz@[c]alB] profile callout.
G

12. Using the drawing above, indicate if each of the profile specifications shown below is legal.
! If a specification is illegal, explain why.

A. [ 14 |A|B
' ®
B. Q 0.2 AlB|C l ~| 08 |A C]/
| M\ 01 [A
C. [™] 18 [a]B i pm \®
Y
v, |~ 19 &8y 0 -. | A = ¥ e\
""""" e o EE S ) ‘&‘!}J"
E. || 10 |A|C =1 :
L pi00 - Fis
~ F. || 10 |A|C
| G. |02 |Cc|A|B

14. For the drawing above, describe the shape, size, and location of the tolerance zone for. . .

Callout (D

Callout (2)
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B ~ 418
SToz[Als} " 8] =TEILILI
oz -
i kC & % Y
] 05 8] \‘ — sg102s] | | ] il

A [ / 1B
! | Q

N[ o1 [a]s] k.

| 628 ~_p

| 5 s

[A] 02 [a]B

o

(Mlos|a|B|c]

15. Using the drawing above, indicate if each of the profile specifications shown below is legal.

If a specification is illegal, explain why. 16. Using the drawing above, calculate the distances in the chart below.

| B. Y| 02 |A|B Distance Max Min
‘ C. |/ \| 06 [A

A

D. [\ 01 |A|B

B
|
1
; C
' D
i E
|
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Answers to Selected
Questions

Appendix A

i

i 2 SURFACES
| e c\\+ | !
il L : [ : I

Feature Control Frame
Proportion Charts

Appendix B

A

| T T % B
A i NIy
Y .

| Appendix C

| T T Y - I1SO Dimensioning
| i ink Standards
| 03

| ' Appendix D - ASME Y14.5/1SO

\. l‘&}tﬁ;(H@]Al
!

Comparison Chart
p

17. Use the instructions below to complete the drawing above.,

' Appendix E - Bibliography

a. Add a profile of a surface control to control the coplanarity of datum feature A. The
tolerance value should be 0.05.

b. Add a profile of a surface control in the front view to control the profile of the part

|
.’ between points B and C relative to datum A primary and datum B at MMC secondary. It
should be a bilateral control with a tolerance value of 0.2.

c. Add a profile of a surface control in the bottom view to control the profile of the entire
. outline of the part relative to datum A. It should be a bilateral control with a tolerance
f value of 0.6.
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| Appendix A - Answers to Selected Questions Appendix A - Answers to Selected Questions
"i
|
' CHAPTER THREE: QUESTIONS AND PROBLEMS
| XA
APPENDI 1. Perfect form at MMC
3.
| Answers to Selected Questions i ﬁ -
| | i
, 16.2
' CHAPTER ONE: QUESTIONS AND PROBLEMS 8 ﬂ-]' |-—36 r—
& —s»—( o I
L.Emie e T ¥
3. Plus-minus 62.2 w
5. Equal D 61.8
7. Unequal
l' 9. A zero precedes the decimal point. “;3’_ a
‘ 11. ASME American Society of Mechanical Engineers © r R3
I Y14.5 The number of the standard L_@__‘ 8
1 | . |
| M Metric
{ 1994  The year the standard was approved UNLESS OTHERWISE SPECIFIED ALL DIMENSIONS £0.5
t 13. a. Square tolerance zones UNLESS OTHERWISE SPECIFIED ALL ANGLES +5*
b. Fixed-size tolerance zones 5. 98
c. Ambiguous instructions for inspection s ldimension A | The allowable form
was erroron surface B is
12.8 0
. 127 0.1
- CHAPTER TWO: QUESTIONS AND PROBLEMS 126 02
| 125 0.3
| 1. faalure 124 04
[ I Letter Fol.imllsl?. I'IJ::- ﬂimanslgrfl 12.3 0s i
I | A X 122 06
| 2 2 X 9. RFS applies with respect to the individual tolerance, datum reference, or both, where no modifying
f 2 X symbol is specified. '
D X 11. a. To define theoretically exact part features
E X b. To define datum targets
£ 13. Bonus tolerance: an additional tolerance for a geometric control
f! 8 X 15. Outer boundary: a worst-case boundary generated by the largest feature plus the stated geometric
1 X tolerance (and any additional tolerance, if applicable)
! X 17. Use N/A for not applicable If a FOS dimension is identifiad, [t a feature cantrol frame is identified,
" J X Letter identifiea a. . . Rule #1 Applies itappliestoa. ..
| VC, 08, or I8 The amount of
iJ . a X Lattar F(_)S - N_on-Fos 22:1;7 YES NO Is... Feature | FOS :::r‘l::‘::“
| 3. Actual local size is the value of any individual distance at any cross section of a feature. = e - 5
; 5. There are two types of features of size: internal and external. 5 = 7 &3
7. The largest perfect feature counterpart that can be inscribed about the feature c v v 0
9. When a radius is specified, flats or reversals are allowed. D v 0
11. A planar FOS is a FOS that contains two parallel plane surfaces. E v v 4.0
I 13. The five types of geomeltric characteristic symbols are Form, orientation, profile, runout, and F ~ v v 04
: location. G >
i H v 0
! 1 v v 37
L J V. v 0.6
i K V v 291
§ L v ¥ 1.0
1
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Appendix A - Answers to Selected Questions

CHAPTER FOUR: QUESTIONS AND PROBLEMS

41,

1. Flatness is the condition where a surface has all of its elements in one plane.
3. The high points of the toleranced surface locate the first plane of a flatness tolerance zone.
5. 04
7. Surface A= 0.1 Surface B=04
9. No; it must be a refinement of the size tolerance. :
11. R The satnf;sr:;mmrd of surface :he ﬂatnesal_ermr of surface Q
8 would be i o,.. would ba limited to . . .
ALMMC 0 0 222 D
[Z]o4] Cy 2218
AlLMC 0.4 0.1
B 28.56
A122.0 0.2 0.1 @ 28.48
13. By contacting the toleranced surface against a surface plate and measuring the gap between the ] Y
surface, the plate, and the part surface A F T
15. Two parallel lines 0.05 apart Ty i ‘25_5
| 17. Rule #1 and the size dimension 2361 ™ = 2 2.0
19. a. Legal ’ ‘\
%o, :
b. Tllegal; MMC modifier not allowed on a surface /" J l \
' ¢. Illegal; datum reference not allowed - G
| d. Illegal; @ modifier not allowed :

21. Rule #1 and the size dimension ! =
| 23. B;E; G:1 |— 005

25. Circularity is a condition where all the points of a surface of revolution are equidistant from the axis.
27. Rule #1 and the size dimension

29. A;B;F
31. ) Max siaightness Max straightness of Rule #1 '
. Diameter wee ﬂ:"mw:: of axis error line element error applies
possine possible (YESINO) CHAPTER FIVE: QUESTIONS AND PROBLEMS
0.8 ;
& . “ ax YES 1. A system of symbols and rules that communicate to the drawing user how measurements are to be made
] B 14.9 0.1 09 0.9 NO 3. An assumed plane, axis, or point from which a measurement is made
5. a. Good parts rejected
l ¢ 104 0.04 0.4 0.04 YES b. Bad parts accepted
‘ 7. A part feature that contacts a datum
D 207 0.05 03 0.3 NO 9 @
I E 5.8 0.2 05 0.5 NO
1- d ik e " = = 11. How the part is mounted and located in its assembly
' 33. Cylindricity is the condition of a surface of revolution in which all points of the surface are 13. Itis not shown; the general tolerance for angles either from the titleblock tolerances or a general note
1 equidistant from a common axis. 15. a. Datum Plane E - 3
{ 35. Rule #1 and the size dimension b. Datum Plane B - 2
37. A;C,F ¢. Datum Plane A - 1
: 39. A. Tllegal; no datum reference allowed 17. a. Rotation around the Z axis
| B. Legal b. Movement along the Y axis

C. Illegal; cannot use the LMC medifier
D. Illegal; cannot use the diameter modifier
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Appendix A - Answers to Selected Questions

19.

True geometric
counterpart of
datum feature C

Datum plane C

Datum plane A

Datum plane B

|
N

21. Symbols that describe the shape, size, and location of gage elements that are used to establish

datum planes

23. To ensure there will be minimum variation between gages
25. 1. Basic dimensions should be used to define and locate the datum targets.

3

CHAPTER SIX: QUESTIONS AND FROBLEMS

. Diameter; planar
- Rule #2; modifier

2. The datum reference frame must restrain the part in all six degrees of freedom.

1
3
5. Dimension; extension
7

3. The part dimensioning must ensure that the part will rest in the gage in only one orientation/location. 9.
27,
| Adjustable
I Adjustabis —
l ‘
1|
| *
{
|
l |
i 5 11. The datum feature simulator (gage) is a fixed size.
i 13. a. Where a straightness control is applied to a datum feature
l A3 b. Where a secondary or tertiary datum feature of size in the same datum reference frame are
. controlled by a location or orientation control with respect to each other
i’ ' 15. 17,
! | | | A
] 1 L : = —
!I ‘[I:fn | F} 0.1 w __L -
| [ e o
) /—
i
| BASIC DIMENSIONS NOT SHOWN FOR CLARITY
|
|}
[ 29.

Point Line Area |

w —— S




Appendix A - Answers to Selected Questions

19.

i (T

CHAPTER SEVEN: QUESTIONS AND PROBLEMS

ZL.

CATUM FEATURE SIMULATOR
FOR POSITIONAL TOLERANCE
c-umuv@

DATUM FEATURE SIMULATOR
FOR POSITICHAL TOLERANCE

CJ\'..LOUI@

1. Two parallel planes 0.2 apart
3. A general note
5. The tolerance zone would be oriented to both datum plane A and datum plane B.
7. a. The tolerance zone is two parallel planes.
b. The tolerance value is the distance between the planes.
¢. All elements of the surface must be within the tol. zone.
d. The flatness of the surface is also controlled,
9 . The bonus The perpendicularity
Eg%ﬁmj Saas! tolerance possible lolerance zone
is... diameter would be...
52.0 0 01
510 0.1 0.2
518 0.2 0.3
11. a. A bonus tolerance is permissible
b. A fixed gage may be used.
¢. The axis or centerplane must be within the tolerance zone.
13. a. Two parallel planes
b. A cylinder
15. Two parallel planes 0.1 apart.
17. Thellainess of | ig imitedto. .
0.2
g 1.0
19. Yes
21. a. Tolerance zone is usually a cylinder
b. Basic angle orients the tolerance zone in one direction
¢. Implied basic angle applies in the other direction
23. Two parallel planes 0.1 apart
25. The dimension between the surfaces
27. 0.1
29. 2 parallel planes 0.2 apart
31. a. lllegal; the tolerance value is too large.

b. Illegal; the toleranced feature is perpendicular.
c. Legal

d. Legal

e. Illegal; the toleranced feature is perpendicular.
f. Tllegal; cannot be parallel to itself
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CHAPTER EIGHT: QUESTIONS AND PROBLEMS

1. A geometric tolerance that defines the location tolerance of a feature of size from its true position

3.

3.

aoos op

.

9. Tw

Implied basic 90° angles
Implied basic zero dimension
The distance between the features of size

The location of the features of size

The coaxiality of features of size
The symmetry of features of size
7. The axis or centerplane of a FOS must be within the tolerance zone.

o parallel planes (0.1 apart

11. a. Virtual condition boundary tolerance zone
b. Bonus tolerance is permissible.
c. A functional gage may be used.

13.

15. A
17. A
19.

Forthe TOP | e [pormissble | pormsaile
i bonus is... datum shift is...
A 2.8 dia. houndary 0.6 0.6
B 42.3 dia. cylinder 1.0 0.6
C 5.8 boundary 0.8 0.6

gage that verifies functional requirements of part features as defined by the geometric tolerances
sketch of a functional gage

15.7

Q

— 1

24

eadeiadl

% ORI RSN i
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CHAPTER NINE: QUESTIONS AND PROBLEMS
CHAPTER TEN: QUESTIONS AND PROBLEMS
1. cylindrical

3. 02 03 04 05 06 . A cylinder coaxial with the datum axis

1
5. 3. The concentricity control
5. Yes
119 7. 001
[ 5.9 | 9. a. Illegal; dia. symbol missing d. Legal
b. Illegal; cannot use projected tolerance zone modifier  e. Illegal; cannot use MMC modifier
c. Illegal; cannot use RFS modifier
D 11. Two parallel planes 0.4 apart
¥ 13. Median points
15. CONGEPT SYMMETRY POSITION (RFS)
7. Projected tolerance zone
9. Tole
E - IE‘ i I‘ sna;:“"' o Two paraliel planes Two parallel planes
++i1a 4_ | What characteristic
@™ il [l [
: 2 ®_ B | i, W8 20087
e
J: | E— Does Rule #1 apply '
i | o the toleranced Yes Yes
60| | | 4 1 feature?
T What type of
1 PIEVEN SLETERERE e characteristics of _ o
| the tolaranced Location; onentation Location; orentation
— e L"_ ks 28 feature are baing
/ (;f - = confrolied?
17.
E
i: 4X M8 X1.5-6H THD uut '
! & [po2zm@®4[a]B]c] RUP... D
I 11 =[oiz]¢c] = »
. 72
Position Tolerance Zone Width at Centerline B
Toleranced Datum Feature AME 7
Feature AME
— 10.0 102 104 106 . T%%,,%%A "
h
14.2 2.0 2.2 2.4 26 Phe e
14.4 2.2 24 26 2.8 O (20w [a] (G0 Ta]
| . 24 26 28 30 77 4
13. Toleranced | 5 Tolerance .—J'i 7 >
[ Hole AME Zone Diameter
:r 46 02
' 44 | 0.4
42 ; 0.6

4.0 3 0.8

15. 40
17. A tolerance stack is a calculation used to find the extreme max. or min. distance on a part.
19. Max. X = 16.6 Min. X =154
21. 0.7 (for housing) 0.7 (for cover)
23. 0.3
0.3
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Appendix A - Answers to Selected Questions
e = T e e 0 T S e e 4 L W S S e S SR

|
! CHAPTER ELEVEN: QUESTIONS AND PROBLEMS CHAPTER TWELVE: QUESTIONS AND PROBLEMS

| 1. A composite tolerance that is to control the functional relationship (location, orientation, and form) of '

1. Form
. SN RLRiEe fga‘mrcs tog dRtmaxis 3. The exact profile of a part as described by basic dimensions
| £ Twoousel Gholes 5. A uniform boundary 0.8 wide, centered around the true profile
Y ) P
3 Bk MAX POSSIBLE AXIS 7
: OFFSET FROM DATUM AXIS A .
| : o1 SRR
c 0.15 i — A
R10
]_ R12
) 04
7. a. Legal c. Illegal; cannot use MMC modifier ¥ E
b. Legal d. Illegal; cannot use diameter modifier |
9. Two coaxial cylinders The profile tolerance zone L
11. a. Tllegal; cannot use diameter modifier applies within this area —
b. Illegal; cannot use projected tolerance zone modifier
¢. [Illegal; cannot use RFS modifier 9. a. Clear definition of the tolerance zone
d. Legal b. Communicates datums and datum sequence
‘r 13. F— APPLIES TO ¢. Eliminates accumulation of tolerances
DIAB DIA € DIAD DIAE 11. LOf:atlD]:l (or size) 1.5 ABC
Orientation 1.0 B
The size of the diamster is 0. .
limited to? o e 02 2 Form . . 0.2 ’ .
13. Two uniform lines at any cross section of the surface
The roundness of the r i o~ - 15. a. Illegal - in conflict with the location dimension
diameater is fimitad ko7 ) ’ ’ ; b. LEgE;
- . c. Illegal - tolerance value too large
| Thve maximum offset
; between the diameter axis 0.6 0z 0.03 NiA d. chal
il and datum axis A is.. 17.
.l 2; -l:oaxlal 2 coaxial 2 enaxial Fr 1.5
E:::b:;:i:?::;f: - cylinders with | cylinders with |cylinders with NiA i @- AlB kM_J_]- 12 CONSTANT
| 1.2 radial 0.4 radial 0.06 radial / B G
| applied to the diameter. separation saperation saperation g . . _|1 =
r What is the outer bound L T
15 the outer bounoary
i (virtual condition) of this 254 132 14 66 102 1 IT 2 SURFACES
diamster? ¢
{
| | L
i 5 —{ ™ Joos]
4' DISTANCE MAX MIN 2 SURFACES
| —— g0 ——
' A 275 125
——f
! B 260 1.50 | X% .Rﬂ}!
| o 310 1.10
E 215 1.05

o6 A
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Appendix B - Feature Control Frame Proportion Charts

APPENDIX B

Feature Control Frame Proportion Charts

-
90"
L] \7
h
—f_
Counterbaore Countersink
or Spotface
- AL
h
T %
Dimension Conical Taper
Origin
0.3h le—
15h j ‘« v
1.5h () o h
E 0.3h +_
Relerence Arc Length Slope

R SR SQ

0.6h

ma
I .

A

Depth (or deep)

C

| =

—h

Square (shape)

2.5h
0.8h r ;‘7r1 5h

ST Y

Statistical
Tolerance

CR X

Radius Spharical Spherical Controlled Places
Radius Diameter Radius or By
370

Appendix B - Feature Control Frame Proportion Charts

I
A 2h
v ¥ 90°
Any Desired L—h \Q/ \3/
Length 3.5h X
—f—r-———— 60° 2h
3 i % l_ v
h
Datum Feature Datum Target Target Point
Frame Helght
[ 0.8h
* —
2h
y
1.50 Conoentricity Circularity Free Tangent Projected
State Plane Tolerance
Zone
—1.5h o |
o o e e
| ! % A
—=t Y/ ey “
L, S =
1
Straightness Parallelism Flatness Cylindricity Diameter Posmon
ra—2h — 1.5h Aﬁ
|
_ v 7 — fw 0.8h
i a =
X —
! 0.5h 0 6h
All Around Profile Surface Profile Line Symmetry Between

—15h  |e2h ﬂ 1.5h —»!

S -

T [

e Bﬁhﬂ%\h 0.8h y_z

Perpendicularity Angularity Runout Circular *l ’* 1.1h

* May be filled or not filled

Runout Total
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APPENDIX C

ISO Dimensioning Standards

The following documents must be considered when adopting ISO/GD&T standards:

i ISO/1101- Technical Drawings Geometrical Tolerancing
2. ISO/5458- Technical Drawings Positional Tolerancing
3. ISO/5459- Technical Drawings Datums and Datum Systems
4, ISO/2692- Technical Drawings Maximum Material Principle
ISO/3040- Technical Drawings Cones
6. ISO/1660- Technical Drawings Profiles
| T ISO/129- Technical Drawings General Principles
. 8. ISO/406- Technical Drawings Linear and Angular Dimensions
9. ISO/10578 Technical Drawings Projected Tolerance Zones
JI 10.  IS0O/2692:1988/DAM 1 Technical Drawings Least Material Principle
H 11.  1S0/8015 Technical Drawings Fundamental Tolerance Principle
: 12.  1SO/7083 Technical Drawings Symbols Proportions
I 13.  1S0/10579 Technical Drawings Non-rigid Parts

Additional ISO standards involved:

ISO/1000- SI Units

ISO/286- Limits & Fits

ISO/TR5460- Technical Drawings - Verification Principles
ISO/2768-2 - General Geometrical Tolerances

ISO/1302- Surface Texture

ISO/2768-1 Tolerances for Linear and Angular Dimensions

il L L

Other peripheral standards on screw threads, gears, drills, welding, etc., may also

be required for coverage beyond Y14.5 for product design.
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APPENDIX D

ASME Y14.5/ISO Comparison Chart

Basic Dimension

Datum Feature

Symbols ASME Y14.5M ISO
Feature Control Frame (& [zoos@[a[B]C] [ [zo0s@[ale]c]
Diameter & %}
Spherical Diameter sg@ s@
Maximum Material Condition (@) ()
Least Material Condition © ©
Regardless of Feature Size NONE - _I'&IDNE
Projected Tolerance Zone ® ®
Free State ® ®
Tangent Plane @ (T) (proposed)
Statistical Tolerance @ NONE
Radius R R _
Controlled Radius CR NONE
Spherical Radius SR SR
(50 ]
o
X
p—m

Datum Target o,
Target Point X
Dimension Origin G—»
Reference Dimension (50) (50)
Number of Places BX 8X
Counterbore/Spotface - L || (proposed)
Countersink v i N/ (proposed)
Depth/Deep v T (proposed)
Square O O

All Around S NONE
Dimension Not to Scale 150 150
Arc Length 150 150
Between g NONE
Slope o [
Conical Taper ‘]% %—
Envelope Principle NONE (implied) ®

* May be filled or not filled
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GLOSSARY

Actual Local Size - The value of any individual distance at any cross section of a FOS.

Actual Mating Envelope (AME) of an External Feature of Size - A similar perfect feature
counterpart of the smallest size that can be circumscribed about the feature so that it just contacts
the surfaces at the highest points.

Actual Mating Envelope (AME) of an Internal Feature of Size - A similar perfect feature
counterpart of the largest size that can be inscribed within the feature so that it just contacts the

surfaces at their highest points.
All-Around Symbol - A circle placed on the bend of the leader line of a profile control.
Angularity - The condition of a surface, centerplane or axis being exactly at a specified angle

Angularity Control - A geometric tolerance that limits the amount a surface, axis, or centerplane
is permitted to vary from its specified angle.

ASME Y14.5M-1994 - The national standard for dimensioning and tolerancing in the United
States. ASME stands for American Society of Mechanical Engineers. The Y14.5 is the standard
number. “M” is to indicate the standard is metric, and 1994 is the date the standard was officially
approved. .

Axis Theory - The axis (or centerplane) of a FOS must be within the tolerance zone.

Basic Dimension - A numerical value used to describe the theoretically exact size, true profile,
orientation, or location of a feature or datum target.

Between Symbol - A double ended arrow that indicates the tolerance zone extends to include
multiple surfaces.

Bi-directional Control- Where the location of a hole is controlled to a different tolerance value
in two directions.

Bilateral Tolerance - A tolerance that allows the dimension to vary in both the plus and minus
directions.

Bonus Tolerance - An additional tolerance for a geometric control. Whenever a geometric
tolerance is applied to a FOS, and it contains an MMC (or LMC) modifier in the tolerance

portion of the feature control frame, a bonus tolerance is permissible.

Boundary - The word “BOUNDARY™ is placed beneath the feature control frames to invoke a
boundary control.
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Carrqon Gage - A sketch of a functional gage. A cartoon gage defines the same part limits that a
functional gage would, but it does not represent the actual gage construction of a functional gage.

Circularity - A condition where all points of a surface of revolution, at any section perpendicular
to a common axis, are equidistant from that axis.

Circularity Control - A geometric tolerance that limits the amount of circularity on a part
surface.

Circular Runout - A composite control that affects the form, orientation, and location of circular
elements of a part feature relative to a datum axis.

Circular Runout Control - A geometric tolerance that limits the amount of circular runout of a
part surface.

Coaxial Datum Features - When coaxial diameters are used to establish a datum axis.

Coaxial Diameters - Two (or more) diameters that are shown on the drawing as being on the
same centerline (axis).

C.‘ampf)site Control - Controls the form, location, and orientation of a part feature simultaneously
(in a single gage reading).

Cm_:centricity - The condition where the median points of all diametrically opposed elements of a
cylinder (or a surface of revolution) are congruent with the axis of a datum feature.

Concentricity Control - A geometric tolerance that limits the concentricity error of a part feature.

Controlled Radius - A radius with no flats or reversals allowed. The symbol for a controlled
radius is “CR.”

Coordinate Tolerancing - A dimensioning system where a part feature is located (or defined) by
means of rectangular dimensions with given tolerances.

Coplanar Datum Features - Two or more datum features that are on the same plane.
Coplanar Surfaces - Two or more surfaces that are on the same plane.
Cylindrical FOS - Contains one feature: the cylindrical surface.

Cylindricity - A condition of a surface of revolution in which all points of the surface are
equidistant from a common axis.

Cylindricity Control - A geometric tolerance that limits the amount of cylindricity error
permitted on a part surface.
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Datum - A theoretically exact plane, point or axis from which a dimensional measurement is
made.

Datum Feature - A part feature that contacts a datum.

Datum Feature Simulator - The inspection equipment (or gage surfaces) used to establish a
datum.

Datum Reference Frame - A set of three mutually perpendicular datum planes.

Datum Shift - The allowable movement, or looseness, between the part datum feature and the
gage.

Datum System - A set of symbols and rules that communicate to the drawing user how
dimensional measurements are to be made.

Datum Target - A symbol that describes the shape, size, and location of gage elements that are
used to establish datum planes or axes.

Dimension - A numerical value expressed in appropriate units of measure and used to define the
size, location, orientation, form, or other geometric characteristics of a part.

Engineering Drawing - A document that communicates a precise description of a part. This
description consists of pictures, words, numbers, and symbols.

Equal Bilateral Tolerance - A tolerance where the allowable variation from the nominal value is
the same in both directions.

Feature - A general term applied to a physical portion of a part, such as a surface, hole, or slot.

Feature Control Frame - A rectangular box that is divided into compartments within which the
geometric characteristic symbol, tolerance value, modifiers, and datum references are placed.

Feature of Size (FOS) - One cylindrical or spherical surface, or a set of two opposed elements or
opposed parallel surfaces, associated with a size dimension.

Feature of Size Dimension - A dimension that is associated with a feature of size.

Fixed Fastener Assembly - Where the fastener is held in place (restrained) into one of the
components of the assembly.
. H-F
Fixed Fastener Formula-H=F + 2T or T= 5
Where:
T = position tolerance diameter
H = MMC of the clearance hole
F = MMC of the fastener
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Flatness - The condition of a surface having all of its elements in one plane.

Flatness Control - A geometric tolerance that limits the amount of flatness error a surface is
allowed.

Floating Fastener Assembly - Where two (or more) components are held together with fasteners
(such as bolts and nuts), and both components have clearance holes for the fasteners.

Floating Fastener Formula- T=H-F
Where:

T = position tolerance diameter (for each part)
H = MMC of the clearance hole

F= MMC of the fastener

Functional Dimensioning - A dimensioning philosophy that defines a part based on how it
functions in the final product.

Functional Gage - A gage that verifies functional requirements of part features as defined by the
geometric tolerances.

Fundamental Dimensioning Rules - A set of general rules defined by ASME for dimensioning
and interpreting drawings.

Geometric Characteristic Symbols (14) - The symbols are divided into five categories: form,
profile, orientation, location, and runout.

Geometric Dimensioning and Tolerancing (GD&T) - A set of fourteen symbols used in the
language of GD&T. It consists of well-defined of symbols, rules, definitions and conventions,
used on engineering drawings to accurately describe a part. GD&T is a precise mathematical
language that can be used to describe the size, form, orientation, and location of part features.
GD&T is also a design philosophy on how to design and dimension parts.

Go Gage - A gage that is intended to fit into (for an internal FOS) or fit over (for an external
FOS) the FOS.

Great Myth of GD&T - The misconception that geometric tolerancing raises product costs.

Implied Basic 90° Angles--A 90° basic angle applies where centerlines of features in a pattern
(or surfaces shown at right angles on a drawing) are located and defined by basic dimensions, and
no angle is specified.

Implied Basic Zero Dimension - Where a centerline or centerplane of a FOS is shown in line

with a datum axis or centerplane, the distance between the centerlines or centerplanes is an
implied basic zero.

Implied Datum - An assumed plane, axis, or point from which a dimensional measurement is
made.
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Inclined Datum Feature - A datum feature that is at an angle other than 90°, relative to the other
datum features.

Inner Boundary (IB) - A worst-case boundary generated by the smallest feature of size minus
the stated geometric tolerance (and any additional tolerance, if applicable).

International Standards Organization (ISO) - The organization that published an associated
series of standards on dimensioning and tolerancing.

Least Material Condition - The condition in which a feature of size contains the least amount of
material everywhere within the stated limits of size.

Limit Tolerance - When a dimension has its high and low limits stated. In a limit tolerance, the
high value is placed on top, and the low value is placed on the bottom.

Maximum Material Condition - The condition in which a feature of size contains the maximum
amount of material everywhere within the stated limits of size

Median Point - The mid-point of a two-point measurement.
Modifiers (8) - Communicate additional information about the drawing or tolerancing of a part.

Multiple Single-Segment Profile Control - When two or more profile controls are tolerancing a
surface relative to different datums.

Multiple Single-Segment TOP Control - When two (or more) single segment TOP callouts are
used to define the location, spacing, and orientation of a pattern of FOS.

No-Go Gage - A gage that is not intended to fit into or over a FOS. A No-Go gage is made to the
LMC limit of the FOS.

Non-Feature of Size Dimension - A dimension that is not associated with a FOS.

Outer Boundary (OB) - A worst-case boundary generated by the largest feature of size plus the
stated geometric tolerance (and any additional tolerance, if applicable).

Parallelism - The condition that results when a surface, axis or centerplane is exactly parallel to a
datum.

Parallelism Control - A geometric tolerance that limits the amount a surface, axis, or centerplane
is permitted to vary from being parallel to the datum.

Perpendicularity - The condition that results when a surface, axis, or centerplane is exactly 90°
to a datum.
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Perpendicularity Confrol - A geometric tolerance that limits the amount a surface, axis, or
centerplane is permitted to vary from being perpendicular to the datum.

Planar Datum - The true geometric counterpart of a planar datum feature.

Planar FOS - A FOS that contains two features: the two parallel plane surfaces.

Plus-minus Tolerance - The nominal or target value of the dimension is given first, followed by
a plus-minus expression of a tolerance.

Primary Datum - The first datum plane that the part contacts in a dimensional measurement.
Profile - The outline of a part feature in a given plane.

Profile Control - A geometric tolerance that specifies a uniform boundary along the true profile
that the elements of the surface must lie within.

Profile of a Line Control - A geometric tolerance that limits the amount of error for line
elements relative to their true profile.

Profile of a Surface Control - A geometric tolerance that limits the amount of error a surface can
have relative to its true profile.

Projected Tolerance Zone - A tolerance zone that is projected above the part surface.
Radius - A straight line extending from the center of an arc or circle to its surface.

Regardless of Feature Size - The term that indicates a geometric tolerance applies at any
increment of size of the feature, within its size tolerance.

Rule #1 - Where only a tolerance of size is specified, the limits of size of an individual feature
prescribe the extent to which variations in its form--as well as in its size--are allowed.

Rule #2 - RFS applies, with respect to the individual tolerance, datum reference, or both, where
no modifying symbol is specified.

Secondary Datum - The second datum plane that the part contacts in a dimensional measurement
Simulated Datum - The plane (or axis) established by the datum feature simulator.

Simultaneous Engineering - A process where design is a result of input from marketing,
engineering, manufacturing, inspection, assembly, and service.

Special-Case FOS Datum - When a FOS datum feature is referenced at MMC, but simulated in
the gage at a boundary other than MMC.
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Straightness (Axis or Centerplane) - The condition where an axis is a straight line (or, in the
case of a centerplane, each line element is a straight line).

Straightness of a Line Element - The condition where each line element (or axis or centerplane)
is a straight line.

Straightness Control (FOS) - A geometric tolerance that, when applied to a FOS, limits the
amount of straightness error allowed in the axis or centerplane.

Straightness Control (Surface) - A geometric tolerance that, when directed to a surface, limits
the amount of straightness error allowed in each surface line element.

Symmetry - The condition where the median points of all opposed elements of two or more
feature surfaces are congruent with the axis or centerplane of a datum feature.

Symmetry Control - A gcomc'zric tolerance that limits the symmetry error of a part feature.
Tertiary Datum - The third datum plane that the part contacts in a dimensional measurement.

3-2-1 Rule - Defines the minimum number of points of contact required for a part datum feature
with its primary, secondary, and tertiary datum planes.

Tolerance - The total amount that features of the part are permitted to vary from the specified
dimension.

Tolerance Analysis Chart - A means of graphically displaying the limits of a part as defined by
the print specifications

Tolerance of Position (TOP) Control - A geometric tolerance that defines the location tolerance
of a FOS from its true position.

Tolerance Stack - A calculation used to find the extreme max. or min. distance on a pait.

Total Runout - A composite control affecting the form, orientation, and location of all surface
elements of a diameter (or surface) relative to a datum axis.

Total Runout Control - A geometric tolerance that limits the amount of total runout of a surface.

True Geometric Counterpart - The theoretical perfect boundary or best fit tangent plane of a
specified datum feature.

True Position - The theoretically exact location of a FOS as defined by basic dimensions.

True Profile - The exact profile of a part feature as described by basic dimensions.
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Unequal Bilateral Tolerance - A tolerance where the allowable variation is from the target
value, and the variation is not the same in both directions.

Unila_tem? Tolerance - A tolerance where the allowable variation from the target value is all in
one direction and zero in the other direction.

Variable Gage - A gage capable of providing a numerical reading of a part parameter.

Vir{ual Con_dition (VC) - A worst-case boundary generated by the collective effects of a feature
of size specified at MMC or at LMC and the geometric tolerance for that material condition.

lf;mlt:é Condition Boundary Theory - A theoretical boundary limits the location of the surfaces
of a FOS.

Worst-case Boundary (WCB) - A general term to refer to the extreme boundary of a FOS that is

the W(?rst—case for assembly. Depending upon the part dimensioning, a worst-case boundary can
be a virtual condition, inner boundary, or outer boundary.

Zero To'lerance ar‘MMC- A method of tolerancing part features that includes the tolerance
geometric value with the FOS tolerance and states a zero at MMC in the feature control frame.
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’NDEX virtual condition, 57

A BOUNDARY, defined, 252

Actual local size, 31-32 Boundary, inner and outer
defined, 31 LMC VC, figure 3-12, 60

Actual mating envelope (AME), 31-32 MMC VC, figure 3-11, 59
defined, 31 RFS VC, figure 3-13, 61

external FOS, defined, 31 Boundary theory of TOP, 216-218
figure 2-3, 31 defined, 216
internal FOS, defined, 32 example, figure 8-7, 217
figure 2-4, 32 external FOS, figure 8-8, 218
Technote 2-3, 32 Technote 8-2, 218
TOP, 256 &
Actual mating size, 155 . Cartoon gage, 236-238
All Applicable Geometric Tolerances Rule (Rule #2), 54 coaxial diameter TOP application, figure 8-21, 238
All-around symbol, defined, 332 defined, 236
American Standards Association (ASA), 10
Angularity, 187-191
defined, 187
tolerance zones, applications
Technote 7-4, 187
verifying, figure 7-12, 191

drawing steps, 236
figure 8-20, 237
Circle target area, 131
Circular runout, 301-309
applications, 306-307

: axis offset, Technote 11-3, 306
Angularity control, 187-191 composite control, 304-305
cylindrical FOS, applied to, figure 7-10, 189 figure 11-4, 305

defined, 187 defined, 302

indirect, 189 diameter, applied to, figure 11-5, 306

legal specification test, 190 establishing a datum axis for, 301-302
ﬂowchart, l'lgure 7-11, 190 figure 11_2‘ 302

surface, applied to, figure 7-9, 188 Technote 11-1, 301
ASME Y14.5M-1994, detinig, ¥ legal specification test, 308
Axis/centerplane theory, planar FOS, 220 Sowchart, figoee 1177, 308

Axis theory of TOP, 216-220 surface, applied to, figure 11-6, 307

defined 216, tolerance zone, 303
external FOS, figure 8-10, 220 figure 11-3, 303

internal RFS, figure 8-9, 219 Technote 11-2, 303
Technote 8-3, 221 verifying, 309
B figure 11-8, 309
Basic dimensions, 54-56 Technote 11-4, 309
datum targets, figure 3-8, 56 Circular runout control, defined, 302

defined, 54 Circularity, 89-93
figure 3-6 and figure 3-7, 55 defined, 89
part features, 55 figure 4-17, 90

Technote 3-5, 56
Between symbol, defined, 332
Bi-directional control, defined, 252

inspecting, figure 4-20,
Rule #1 effects, 90
Circularity application, figure 4-18, 91

figure 9-2, 252 Circularity control, 89-93
Bilateral tolerance, defined, 7 defined, 89
example, figure 1-4, 7 example, figure 4-16, 89
Bilateral tolerance zone, 331 indirect, 91
Bonus tolerance, defined, 64-65, 156 legal specification test, 92
figure 3-16, 64 flowchart, figure 4-19, 92
figure 3-17, 65 Technote 4-10, 90
Technote 3-8, 65 Coaxial datum feature, defined, 152
Boundary Coaxial diameter, defined, 152

perfect form, 49, 50 applications, 232

figure 8-18, 233
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Coaxial diameter (cont.)
cartoon gage and TOP application, 238
figure 8-21, 238
figure 6-7, 152
Common datum plane, 339
Communications, 4
Composite control, defined, 302
Concentricity, 283-287
application, figure 10-3, 284
defined, 283
inspection, figure 10-6, 287
runout and TOP (RFS), 285
chart, figure 10-4, 285
Technote 10-2, 285
symbol, 38
Technote 10-1, 283
Concentricity control, 283-287
defined, 283
example, figure 10-2, 283
legal specification test, 286
flowchart, figure 10-5, 286
symbol, 38
Controlled radius, 37-38
defined, 37
example, figure 2-10, 37
symbol modifier chart, 36
Technote 2-6, 38
tolerance zone, 37
Coordinate tolerancing system, 13-16
appropriate uses, chart, figure 1-10, 16
comparision with GD&T, 18
chart, figure 1-15, 21
comparison with TOP, figure 8-5, 215
defined, 13
example, figure 1-7, 13
Technote 1-2, 16
Coordinate tolerancing system shortcomings,
ambiguous instructions, 15
figure 1-9, 15
fixed-size tolerance zones, 14
square tolerance zones, figure 1-8, 14
Coplanar datum features, defined, 126
figure 5-13, 126
Coplanar surfaces, defined, 126
Cylindrical-shaped tolerance zones, 18
Cylindricity, 94-98
defined, 94
symbol, 38
Cylindricity control, 94-98
application, figure 4-23, 96
defined, 94
example, figure 4-21, 94
indirect, 95, 96
inspecting, 98
legal specification test, 97

flowchart, figure 4-24, 97
Rule #1, figure 4-22, 95
Technote 4-11, 95
D
Datum, defined, 115
feature control frame, figure 5-5, 119
Technote 5-1, 116
Datum, axis, 144-148
coaxial datum feature, 152
example, figure 6-1, 146
MMC primary, figure 6-13, 158
MMC secondary, 160
pattern of holes, 162
figure 6-17, 163
RFS primary, 148
figure 6-3, 148
figure 6-4, 149
RFS secondary, 150, 151
figure 6-5, 150
figure 6-6, 151
secondary, datum centerplane tertiary (MMC), 161
Datum, centerplane, 144-148
example, figure 6-1, 146
MMC primary, figure 6-14, 159
MMC tertiary, figure 616, 161
referencing, 150
RFS as default condition, 144
RFS primary
figure 6-3, 148
figure 6-4, 149
Technote 6-2, 149
RFS tertiary, figure 6-6, 151
true geometric counterpart, 144, 147, 148
Datum feature, 115-125, 161
defined, 115
figure 3-8, 121
relationships, Technote 5-3, 122
Technore 5-1, 116
Datum feature, coaxial, defined, 152
Datum feature symbol, 117
figure 5-3, 117
Datum feature, inclined, 125
defined, 125
figure 5-11, 125
Datum feature simulator, 116,147, 153, 162
defined, 116
Datum, implied, defined, 114
consequences of, 115
figure 5-1, 114
shortcomings, 114
Datum, planar, defined, 115
figure 5-2, 116
general information, 115
Datum, primary, defined, 122
figure 5-9, 123

Datum reference, 54
basic dimensions, 54
figure 3-8, 56
in feature control frame, figure 2-12, 39
in geometric symbols chart, 38
Datum reference frame, 120-121
datum sequence, 163
FOS and planar datum features, 163
figure 6-17, 163
defined, 120
established from FOS datum features, 144
figure 5-7, 121
Datum-related control, 39
Datum, secondary, defined, 122
figure 5-9, 123
Datum selection, figure 5-4, 118
Technote 5-2, 118
Datum sequence, 163
application, figure 6-18, 164
FOS and planar datum features, 163
figure 6-17, 163
Datum shift, defined, 155
figare 6-10, 155
Technore 6-3, 156
WCB datums, figure 6-12, 157
Technote 6-4, 157
Datum, simulated, defined, 116
figure 5-2, 116 &
Datum, special case FOS, 154-157
defined, 154
figure 6-9, 154
Technote 6-4, 157
Datum system, 112
Datum target, 55, 126-133
defined, 126
figure 3-8, 56
Technote 5-6, 127
Datum target applications, 131-133
figure 5-20, 131
figure 5.23, 133
Datum target areas, 130-132
application, figure 5-21, 132
datum reference frame, 132
figure 5-19, 130
Datum target line symbols, figure 5-17, 129
Datum target points, 128
application, figure 5-22, 133
figure 5-16, 129
Datum target symbols, 127
defined, figure 5-7, 128
example, figure 5-14, 127
Datum terminology, figure 6-2, 147
Datum, tertiary, defined, 122
figure 5-9, 123

Diameter
coaxial, defined, figure 6-7, 152
designated as datum feature, 158
external and internal, 158
part location, 150, 151
symbol, 36, 39
Dimensional limits, example, figure 1-6, 8
Technote 1-1, 8
Dimensioning, functional, 17
Dimensioning, introduction, 6-8
interpreting dimensional limits, 8
Technote 1-1, 8
metric dimension specifications, 7-8
figure 1-5, 8
types of tolerances, 6-7
figure 1-3, 6
figure 1-4, 7
dimensions and tolerances, 6
Dimensioning rules, 12
Dimensioning standards, 9-11
Dimensions, defined, 6, 30
basic, 54
feature of size, 30
metric, 7
metric specifications, figure 1-5, 8
non-feature of size, 30
Drawing error costs, 4-5
chart, figure 1-2, 5
E
Engineering drawings, 3-5
defined, 3
drawing error consequences, 4-5
GD&T benefits, 18
standards, 10-11
Equal bilateral tolerance, defined, 7
example, figure 1-4, 7
F
Feature, defined, 29
example, figure 2-1, 29
Technote 2-1, 29
Feature control frame, 39-40
datums, 119
defined, 39
example, figure 2-12, 39
placement, figure 2-13, 40
placement with feature and FOS, figure 3-10, 58
RFS, figure 3-5, 54
symbol placement, 36
Feature(s) of size, defined, 29, 49
bonus tolerance, figure 3-16, 64
boundary conditions, 57
cylindrical, defined, 30
dimensions, 30
example, figure 2-2, 30
external, 30
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Feature(s) of size (cont.)
feature control frame, figure 3-10, 58
internal, 30
interrelationship between, figure 3-3, 51
parallel planes, 159
planar, defined, 30
Technote 2-2, 29
Feature of size datum features, 146
applications (MMC), 158
applications (RFS), 148
axis and centerplane, 146
MMC (referenced), 153, 154
MMC (modifier), figure 6-8, 153
referencing, 147
Technate 6-1, 148
Rule #2, 147
Fixed fastener assemblies, 266-268
defined, 266
figure 9-15, 266
Technote 9-4, 268
TOP tolerance values, figure 9-16, 267
| Fixed fastener formula, defined, 268
| Flatness, 74-78
defined, 74
Rule #1, figure 4-3, 75
Technote 4-2, 75
symbol, 38
Flatness control, 74-78
application, example, figure 4-4, 76
defined, 74
indirect, 77
inspecting, figure 4-6, 78
legal specification test, 77
flowchart, figure 4-5, 77
symbol, 38
Flatness tolerance zone, 74
example, figure 4-2, 74
Technote 4-1, 74
Floating fastener assemblies, 268-269
defined, 268
figure 9-18, 269
Technote 9-5, 269
Form controls, 72
MMC/LMC modifiers, 74
symbols, figure 4-1, 72
Form symbols, chart, 38
Formulas, virtual condition (or WCB), 57-59
Functional dimensioning, defined, 17
Functional gage, defined, 235
Fundamental Dimensioning Rules, 12

G

Gage dimensions, 56
Gage-makers’ tolerance, 56
Gages

cartoon, defined, 236
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functional,, 235
Go gage, 52-53
figure 3-4, 53
No-Go gage, 52-53
figure 3-4, 53
variable, defined, 227
Geometric characteristic symbols, chart, 38
feature control frame, figure 2-12, 39
Geometric dimensioning and tolerancing, 17-22
benefits of, 18-22
comparision chart, figure 1-17, 21
cylindrical tolerance zones, figure 1-13, 19
defined, 17
philosophy, 17
Geometric Dimensioning System, history, 9-10
Geometric Dimensioning and Tolerancing, U.S., 11
Geometric tolerance(s), 33-35
information in feature control frame, 39
Go gage, 52-53
defined, 52
example, figure 3-4, 53
Great Myth of GD&T, 22
I
Implied basic 90° angles, defined, 213
figure 8-4, 213
Implied basic zero dimension, defined, 213
figure 8-4, 213
Implied datums, 114-115
consequences of, 115
defined, 114
figure 5-1, 114
shortcomings, 114
Implied right angles, 178-179
figure 7-2, 178
Technote 7-1, 179
Inclined datum feature, defined, 125
Indirect controls
angularity, 189
flatness, 77
parallelism, 197
perpendicularity, 184
straightness, 87
Individual feature of size rule, defined, 47
Inner boundary (IB), defined, 57
RFS, figure 3-13, 61
Inspecting a FOS, 52
Interference condition, figure 9-4, 254
International Standards Organization (ISO), 9
International System of Units (SI), 7
Introduction to dimensioning, 6-8
interpreting dimensional limits, §
Technote 1-1, 8
metric dimension specifications, 7-8
figure 1-5, 8

Introduction to dimensioning (cont.)
types of tolerances, 6-7
figure 1-3, 6
figure 1-4, 7
dimensions and tolerances, 6
L
Least material condition (LMC), 34-35
bonus tolerance, figure 3-16, 64
defined, 34
figure 2-6, 34
figure 2-7, 35
limit, 52
Technote 2-5, 34
TOP, figure 9-7, 257
Limit tolerance, defined, 6
figure 1-3, 6
Location symbols, chart, 38

M
Material conditions, 33, 35
Maximurn material condition (MMC), defined, 33
bonus tolerance, figure 3-16, 65
example, figure 2-7, 35
external FOS, 33
figure 2-5, 33
internal FOS, 33
perfect form at, 47
Rule #1 boundary, 49 d
symbol, 36
Technote 2-4, 33
virtual condition, 58
Median point, defined, 283
Metric dimension specifications, 7-8
figure 1-5, 8
MMC modifier effects, figure 6-8, 153
Modifiers, defined, 36
chart, 36
in feature control frame, 39
Multiple geometric controls, 62
Multiple single-segment TOP controls, defined, 259
Multiple virtual conditions, 62
N
No-Go gage, defined, 52
example, figure 3-4, 53
Non-datum related control, 39
Non-feature of size dimension, 30
(0,
Orientation controls, defined, 176
figure 7-1, 176
summary chart, figure 7-19, 198
TOP, 217
Orientation symbols, chart, 38
Outer boundary, defined, 57
LMC virtual condition, figure 3-12, 60
MMC virtual condition, figure 3-11, 59
RFS virtual condition, figure 3-13, 61
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P
Parallel planes, 149, 159
Parallelism, 176
applications, 193
applied to a cylindrical FOS, 194
figure 7-15, 195
applied to a surface, figure 7-14, 193
(at MMC) applied to a FOS, Technote 7-6, 1935
implied, defined, figure 7-13, 192
Technote 7-5, 192
verifying, figure 7-18, 198
with the tangent plane modifier, figure 7-16, 196
Technote 7-7, 196
Parallelism control, 192-198
defined, 192
indirect, 197
legal specification test, 197
flowchart, figure 7-17, 197
Parallelism tolerance zone, 193
Part calculations, 346-347
profile, figure 12-17, 347
Perpendicularity, 178-186
application, 179
defined, 179
inspecting, figure 7-8, 186
tolerance zones, 179
Perpendicularity control, 178-186
defined, 179
diametrical FOS, applied to
figure 7-6, 183
Technote 7-3, 184
indirect, 184
legal specification test, 184
flowchart, figure 7-7, 185
planar FOS, applied to
figure 7-5, 182
surface, applied to
figure 7-3, 180
Technote 7-2, 181
two datum references, figure 7-4, 181
Perfect form at MMC, 48-49
defined, 49
figure 3-1, 48
Technote 3-1, 49
Planar datums, 115-116
defined, 115
figure 5-2, 116
Plus-minus tolerance, defined, 6
example, figure 1-3, 6
Positional control, figure 3-15, 63
Primary datums, 122-123, 152
defined, 122
figure 5-9, 123
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Profile, 329-347
advantages, figure 12-5, 334
defined, 330
feature or form control, Technote 12-1, 329
general information, 329
part calculations, 346
figure 12-17, 347
symbol, 38
Technote 12-2, 330
tolerance stacks, 347
Profile control, 330-347
application, figure 12-4, 332
defined, 330
figure 12-2, 330
Profile of a line, 343
coordinate tolerance, figure 12-15, 345
form and location, 345
form and orientation, 344
inspection, 346, figure 12-16, 346
Technote 12-6, 346
legal specification test, 345
flowchart, figure 12-12, 345
multiple profile control, figure 12-14, 344
Profile of a surface, 335
conical feature, figure 12-8, 337
coplanar surfaces, figure 12-9, 338
inspection, figure 12-13, 343
Technote 12-5, 343
legal specification test, 341
flowchart, figure 12-12, 342
multiple controls, 340
multiple coplanar surfaces, figure 12-10, 339
multiple profile callouts, 340
figure 12-11, 341
Technote 12-4, 340
polygons, figure 12-7, 336
surface location, 334
figure 12-6, 335
terminology, 329
Profile symbols, line and surface, chart, 38
Profile tolerance zone, 330
coverage, Technote 12-3, 332
figure 12-3, 331
Projected tolerance zone, 254-255
defined, 255
symbol, 36, 254
tolerance of position, 254
figure 9-5, 255
Technote 9-2, 254
R
Radius, 37-38
controlled, 37
defined, 37
figure 2-9, 37
symbol, 36

Technote 2-6, 38
tolerance zone, 37
Reference, symbol, 36
Regardless of feature size (RFS), defined, 34
applications with TOP, 221
IB and OB, figure 3-13, 61
Rule #2 and 2a, 54
figure 3-5, 54
symbol, 36
tolerance zones with TOP, 222
Technote 8-4, 222
Rule #1, 47-51
boundary, figure 3-2, 49
defined, 47
examples, figure 3-1, 48
exceptions, 51
Technote 3-4, 51
flatness, figure 4-3, 75
Technote 4-2, 75
FOS, 47, figure 3-3, 51
free-state variation, 51
inspecting a FOS, 52
limitation, 50
Technote 3-3, 50
overriding, 50
Technote 3-2, 50
planar FOS, figure 3-2, 49
size tolerance, figure 3-15, 63
stock sizes, 51
straightness as a surface element control, 79
figure 4-8, 80
Technote 4-4, 80
Technote 3-1, 49
WCB, figure 3-9, 57
Rule #2 and 2a, defined, 54
example, figure 3-5, 54
FOS datum feature, 147
RES default, 61
Runout, 300
concentricity and TOP (RFS), 285
chart, figure 10-4, 285
Technote 10-2, 285
establishing datum axis, 301
figure 11-2, 303
Technote 11-2, 302
tolerance stacks, 316, figure 11-14, 317
Runout calculations, 318
Runout, circular, 301-309
applications, 306-307
applied to diameter, figure 11-5, 306
applied to surface, figure 11-6, 307
axis offset, Technote 11-3, 306
composite control, 304
figure 11-4, 305
defined, 302
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Runout, circular (cont.)
tolerance zone, 303
figure 11-3, 303
Technote 11-2, 303
verifying, 309
figure 11-8, 309
Technote 11-4, 309
Runout controls, 300
figure 11-1, 300
legal specification test, 308
flowchart, figure 11-7, 308
Runout symbols, chart, 38
Runout, total, 310-317
application, 313
defined, 310
diameter, applied to, figure 11-11, 313
surface, applied to,
figure 11-12, 314
composite control, 311
figure 11-10, 312 ‘
axis offset, Technote 11-6, 312
figure 11-9, 310
legal specification test, 314
flowchart, figure 11-7, 314
tolerance zone, 310
Technate 11-5, 311
verifying, 315
figure 11-13, 315
Technote 11-7, 315 g

S
Secondary datums, 122-123
defined, 122
figure 5-9, 123
Simulated datums, defined, 116
Simultaneous engineering, defined, 17
Society of Automotive Engineers (SAE), 11
Special case FOS datum, 154-157
defined, 154
figure 6-9, 154
Technote 6-4, 157
Specifying MMC modifier, figure 6-8, 153
Straightness, 79-88
axis/centerplane control, defined, 84
bonus tolerance, 85
defined, 79
FOS, applied to a, figure 4-11, 83
inspection, figure 4-10, 82
MMC application, 85
figure 4-13, 86
Technote 4-9, 86
surface line element, figure 4-7, 79
Technote 4-3, 719
surface element control, figure 4-7, 79
Rule #1, Technote 4-4, 80
surface elements, applied to 81
legal specification test, 81

flowchart, figure 4-9, 81
FOS, 83
Technote 4-3, 83
Rule #1, 84
figure 4-12, 85
Technote 4-8, 85
Straightness control, 79-88
application and bonus tolerance, figure 3-16, 64
applied to a FOS, defined, 84
defined, 79
legal specification test, 87
flowchart, figure 4-14, 87
applied to a FOS (MMC), inspection, figure 4-15, 88
applied to a surface, defined, 79
indirect, 87
Straightness error, datum shift, 157
Straightness tolerance, figure 3-16, 62
Surface, part orientation, 150, 151
Symbols
all-around, defined, 332
between, defined, 332
geometric characteristic, chart, 38
modifiers, chart, 36
radius, 37
Symmetry, 288-292
application, figure 10-8, 289
defined, 288
inspection, figure 10-11, 292
symbol, 38
Technote 10-3, 288
TOP, figure 9-6, 256
TOP, difference, chart, figure 10-9, 290
Symmetry control, 288
defined, 288
figure 10-7, 288
legal specification test, 291
flowchart, figure 10-10, 291

r'g
Tangent plane modifier, symbol, 36
Tertiary datums, 122-123
defined, 122
figure 5-9, 123
3-2-1 Rule, defined, 123
Technote 5-4, 123
Titleblock tolerances, 56, 178
Tolerance(s), 6-7
bilateral and unilateral, 7
bonus, 64-65
figure 3-16, 64
figure 3-17, 65
Technore 3-8, 65
condition, 39
datum shift, 155
figure 6-11, 156
Technote 6-3, 156




defined, 6
gage-makers’, 56
limit, 6
plus-minus, 6
positional, 31, 32
product, 56
special-case FOS datums, 157
titleblock, 56
value information in feature control frame, 39
Tolerance of position (TOF)
actual mating envelope, 256
advantages, 214
applications, inspection, figure 8-14, 227
axis theory, 219
basic dimensions, 212
bi-directional, figure 9-2, 252
“BOUNDARY," 252
figure 9-3, 253
Technote 9-1, 253
calculations, 262
controls, defined, 210, 211
feature control frame, figure 8-2, 211
general information, 211
implied basic dimensions, 213
indirect orientation control, 217
legal specification test, 234
flowchart, figure 8-19, 234
LMC modifier, figure 9-7, 257
modifier usage, chart, figure 8-6, 216
multiple single-segment controls, defined, 259
figure 9-9, 259
part relationships, 215
projected tolerance zone, 254
figure 9-5, 255
Technote 9-2, 254
RFS applications, 221
tolerance stacks, 262
figure 9-12, 263
RFS tolerance zones, Technote 8-4, 222
single datum reference/hole pattern, figure 9-8, 258
spacing and orientation of hole pattern, 258
special applications, 251
symmetrical relationships, figure 9-6, 256
using projected tolerance zone, 254
Technote 9-2, 254
zero tolerance at MMC, 259
Tolerance of position, MMC, 228-235
applications, 228
comparison with RES, chart, figure 8-15, 228
inspection, 235
Technote 8-5, 229
tolerance stacks, 262
figure 9-13, 264
figure 9-14, 265
tolerance zones, 228

Tolerance of position theories, 216-221
axis theory, 216-221
defined, 216
figure 8-9, 219
figure 8-10, 220
Technote 8-3, 221
boundary theory, defined, 216
figure 8-7, 217
figure 8-8, 218
Technote 8-2, 218
Tolerance of position tolerance zone, 212-215
figure 8-3, 212
and coordinate tolerancing, 215
figure 8-5, 215
Tolerance of position, used to locate
coaxial diameter, figure 8-13, 226
elongated holes, 252
holes MMC, 229
figure 8-16, 230
holes RFS, 223
figure 8-11, 223
pattern of holes MMC, 231
figure 8-17, 232
pattern of holes RFS, 224
figure 8-12, 225
non-parallel holes, 251
figure 9-1, 251
Tolerance stacks, 262-265
defined, 262
profile, 347
TOP at MMC, 263
figure 9-13, 264
figure 9-14, 265
TOP at RFS, 262
figure 9-12, 263
Tolerance zones
bilateral, 331
cylindrical vs. square, figure 1-13, 19
profile, 330-333
figure 12-3, 331
Technote 12-3, 332
shapes, 39
unilateral, 331
Tolerancing, coordinate v. geometric, figure 1-15, 21
Total runout, 310-317
application, 313
applied to diameter, figure 11-11, 313
applied to surface, figure 11-12, 314
axis offset, Technote 11-5, 312
composite control, 311
figure 11-10, 312
defined, 310
figure 11-9, 310
legal specification test, 314
flowchart, figure 11-7, 308
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Total runout (cont.)
tolerance zone, 310
Technote 11-4, 311
verifying, figure 11-13, 315
Technote 11-6, 315
True geometric counterpart, 115-116, 153
defined, 115
True position, 211-213
defined, 211
Technote 8-1, 212
True profile, defined, 330

U

Unequal bilateral tolerance, defined, 7
figure 1-4, 7

Unilateral tolerance, defined, 7
figure 1-4, 7

Unilateral tolerance zone, 331

| g

Variable gage, defined, 227

Virtual condition(s), 57-63
defined, 57
external FOS, 59
internal FOS, 59
facts, Technote 3-7, 63
functional gages, figure 3-16, 64
LMC, figure 3-12, 60
MMC, 56, figure 3-11, 59
multiple, 64

figure 3-15,63
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w
Worst-case boundary, 57-63
defined, 57
formula chart, figure 3-14, 62
Technote 3-6, 58
Z
Zero tolerance at MMC, 259-261
comparison chart (conventional)
figure 9-10, 260
figure 9-11, 261
defined, 260
Technote 9-3, 261
TOP, 259

_




