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16.1 INTRODUCTION

LE/ ﬂlﬂlm °B'IE:""ES o Features of manufactured parts vary in size, form, orienta-

Upon completion of thlS chapter you . tion, or location. Such variation is expected, and, as long as
will be able '(O ’ = » : it is understood and controlled, the part will perform as

' designed. You may have tried to assemble some consumer

1. leferentsate between prec:ston and product and found that holes did not line up between parts
accuracy, and understand to%eram:~ or that a hole for a bolt was not drilled perpendicular to the
ing terms and techmques o surface. Assembly was no doubt frustrating and the resulting

product may not have performed up to expectations without
. Recogmze ISO and ANSI mt

modifications. Geometric dimensioning and tolerancing (GD&T)
is a symbolic system of tolerancing to control the size, form,
limits of size. - profile, orientation, location, and runout of a part according to
, S geometry. Cost-effective designs provide the largest allowable
‘ 3 UnderSta.nd t‘he use tolerances consistent with the function and interchangeabil-

geomelric toiefanc ity requirements of the design. Statistical process control

ogy, and mOdmerS (SPC) often requires the effective use of GD&T to control
process variations and improve product quality.

Even though technical drawings have been employed to
communicate engineering information for over 6000 years,
the concept of tolerancing, or holding variations within lim-
its, has been around for only about 100 years. At one time,
part variations were controlled by the worker rather than by
engineering. It was not until the evolution of interchangeable
manufacture that the goal of exact size gave way to holding
parts within limits. The Taylor concept, introduced in 1905 and
still in use today, introduced methods of limit-gaging for holes
and shafts. Increased production rates during World War 11
from larger factories that tapped a wider variety of suppliers
created a high rate of scrap that sometimes hampered wartime
. : requirements. Inadequacies in technical drawings for con-
T veying this information became apparent. In 1945, the Glad-

fits. » o man papers were published in Great Britain, and these issues
of inadequacies in drawings were discussed at the first Ameri-
can, British, Canadian Conference on the Unification of En-
gineering Standards.

4. |dentify feature cont
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(a) A CAD drawing that uses geometric
tolerancing

FIGURE 16.1

Geometric Tolerancing on a CAD System

Unfortunately, geometric tolerancing was put into prac-
tice only partially in the 1950s and 1960s. In 1972, the
International Organization for Standardization (ISO) estab-
lished a separate subcommittee to develop dimensioning
and tolerancing standards. During the 1970s and 1980s,
geometric dimensioning and tolerancing was employed ex-
tensively in industry and by the military. ANSI and ISO
developed standards to ensure universal interpretation of
tolerance requirements on drawings. The drawing in Figure
16.1 shows GD&T applied to a particular part. As product
cycle times decrease and demands for quality grow in the
increasingly competitive global marketplace of the 1990s,
GD&T will play a more and more important role in meeting
those demands.

16.5.1 Terms Used in Geometric
Dimensioning a

The following terms are used throughout the chapter.

Actual size. The measured size.

Basic dimension  The theoretically exact size, profile, orienta-
tion, or location of a feature or datum target. It is the basis from
which permissible variations are established by tolerances on
other dimensions, in notes, or in feature control frames.

Basic size The size to which limits or deviations are as-
signed. This is the same for both members of a fit.

Clearance fit  The relationship between assembled parts
when clearance occurs under all tolerance conditions.

Datum The origin from which the location or geometric
characteristics of features of a part are established.

Datum feature A geometric feature of a part that is used to
establish a datum.

Datum target A specified point, line, or area on a part used
to establish a datum.

Deviation The difference between the actual size and the
corresponding basic size.

(b) Solid model showing part sizes

(c) Solid model family of parts

Interference fit The relationship between assembled parts
when interference occurs under all tolerance conditions.

The difference between the minimum limit
of size and the corresponding basic size.

Lower deviation

Upper deviation  The difference between the maximum limit
of size and the corresponding basic size.

Feature A physical portion of a part, such as a surface, a

hole, or a slot.

Feature of size A cylindrical or spherical surface, or a set of
two parallel surfaces, each of which is associated with a size
dimension.

Least material condition (LMC) The condition in which a
feature of size contains the least amount of material within
stated limits of size, for example, the maximum hole diam-
eter or the minimum shaft diameter.

Limits of size. The specified maximum and minimum sizes.

Maximum material condition (MMC) The condition in
which a feature of size contains the maximum amount of
material within the stated limits of size, for example, the
minimum hole diameter or the maximum shaft diameter.

Regardless of feature size (RFS)  The geometric tolerance or
datum reference applies at any increment of size of the
feature within its size tolerance.

Tolerance  The total amount by which a specific dimension
is permitted to vary; the difference between the maximum
and minimum limits.

Tolcrance, bilateral A tolerance in which variation is per-
mitted in both directions from the specified dimension.

Tolerance, geometric A tolerance used to control form,
profile, orientation, location, or runout.

Tolerance, unilateral - A tolerance in which variation is per-
mitted in one direction from the specified dimension.
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Tolerance zone  An area representing the tolerance and its
position in relation to the basic size.

Transition fit  The relationship between assembled parts
when either a clearance fit or an interference fit results.

True position The theoretically exact location of a feature
established by basic dimensions.

Virtual condition The boundary generated by the collective
effects of the specified MMC limit of size of a feature and any
applicable geometric tolerances.

16.2 STANDARDS AND
SPECIFICATIONS

ANSI and ISO standards exist to ensure the universal
interpretation of tolerance requirements. However, some
companies tailor these standards to meet their particular
product requirements. Also, there is not complete agreement
between ANSI and ISO standards at this time. To avoid
misinterpretation, a note such as “Interpret Drawing in
Accordance with ANSI Y14.5M-1982” should appear on the
drawing. The note should state the standard, the revision,
and the revision date.

Recall that ANSI-standard drawings in the United States
use third-angle projection [Fig. 16.2(a)] and that 1SO draw-
ings involve first-angle projection [Fig. 16.2(b)]. Although
view placement is different, the views that result are the
same. However, limits of size are defined differently for the
two standards. This book concentrates on ANSI-standard
tolerancing techniques, although this chapter also describes
ISO techniques.

16.3 SYMBOLOGY

Geometric dimensioning and tolerancing is a symbolic
system for controlling economically the function, inter-
changeability, size, form, profile, orientation, position, and
runout of features or parts and for establishing datums and
other necessary tolerancing practices. This section describes
the symbols for specifying geometric characteristics and
other dimensional requirements on engineering drawings.

(a) Third-angle projection (b) First-angle projection

FIGURE 16.2 ANSI and ISO Orthographic Projection
Symbols

Symbols should be of sufficient clarity to meet the legibility
and reproducibility requirements of ANSI Y14.5M.

Symbols are always preferred to notes because they take
less space, overcome language barriers, and are less subject
to interpretation. These are the very reasons that GDT uses a
symbolic language to communicate specifications. Most in-
dividual symbols not only represent an entire standardized
engineering concept, but are variously combined in a fea-
ture control frame to form complete engineering, produc-
tion, and inspection quality specifications. The form and
proportion of geometric tolerancing symbols are shown in
Figure 16.3. The geometric characteristic symbols and the
modifying symbols are further categorized in Figure 16.4.

Situations may arise where the desired geometric require-
ment cannot be conveyed completely by symbology. In such
cases, a note can describe the requirement, either separately
or supplementing a geometric tolerance.

16.3.1 Geometric Characteristic Symbols
4

Following are the symbols denoting geometric characteris-
tics.

Basic dimension symbols A basic dimension is identified by
enclosing the dimension in a rectangle. See Figures 16.3 and
16.4.

Datum feature symbol  This consists of a frame containing
the datum-identifying letter preceded and followed by a
dash.

Letters of the alphabet  All letters except I, O, and Q can be
used to identify datums. Each datum feature requiring
identification is assigned a different letter. When datum
features requiring identification on a drawing exceed single
alpha lettering, the double alpha series is employed—AA
through AZ, BA through BZ, etc.

Datum target symbol  This is a circle divided horizontally
into two halves. The lower half contains a letter identifying
the associated datum, followed by the target number, as-
signed sequentially starting with 1, for each datum. If the
datum target is an area, the area size may be entered in the
upper half of the symbol; otherwise, the upper half is left
blank. A radial line attached to the symbol is directed to a
target point (indicated by an “X”), target line, or target area.

Material condition symbol  The symbols for maximum mate-
rial condition and least material condition are shown in
Figures 16.3 and 16.4. If no material condition symbol is
present, then regardless of feature size is assumed.

Projected tolerance zone symbol - See Figures 16.3 and 16.4.

Diameter and radius symbols  The symbols for diameter,
spherical diameter, radius, and spherical radius are shown in
Figure 16.3. These symbols precede the value of a dimen-
sion or tolerance given as a diameter or radius.
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FIGURE 16.3 Geometric Tolerancing Symbols (Sizes)—Continues

Reference symbol A reference dimension or reference data is
identified by enclosing the dimension or data within paren-
theses.

Are et The symbol that indicates that a linear

dimension is an arc length measured on a curved outline is
shown in Figures 16.3 and 16.4. This symbol is placed
above the dimension.

wth symbol

Counterbore or This symbol precedes the
dimension of the counterbore or spotface. See Figure 16.3.

spotface symbol

Countersink symbol This symbol precedes the dimensions
of the countersink. See Figure 16.3.

Depth symbol - The symbol for indicating that a dimension
applies to the depth of a feature precedes that dimension
(Fig. 16.3).
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:>Symbo! for .

| Straightness

Flathess

Circularity

Cylindricity

Profile of a line

Profile of a stirface

Angulariy

Perpendicularity

Parallelism

Position

Concentricity

Symmetry

Circular runout

Total runout

At maximum aterial condition

None

(P)

Tangent plane

Free state

Diameter

Basic dimension

Datum feature

FIGURE 16.3 Geometric Tolerancing Symbols (Sizes)—Continued
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Dimension origin

Feature control frame | € | ¢
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Counterbore/spe

Numher of plac

Are length

Radius

- Spherical radius

None

Retween

None

Statistival tolerance

Nore

Target poit

*May be filled or not filled

FIGURE 16.3 Geometric Tolerancing Symbols (Sizes)—Continued

Square symbol The symbol that indicates that a single
dimension applies to a square shape precedes that dimen-
sion (Fig. 16.4).

Dimension origin symbol  This symbol, a small circle placed
at the origin, indicates that a toleranced dimension between
two features originates from one of those features.

Taper and slope symbols  Symbols specifying taper and slope
for conical and flat tapers are shown in Figure 16.3.

16.3.2 Modifiers

Modifiers stipulate whether a tolerance is to apply regardless
of size or only at a specific size (see Fig. 16.5). If no modifier
is present, then regardless of feature size is assumed. The
following rules for modifiers are based on the size of features
and the geometry involved.

& Modifiers may be used only for features and/or datums
that have a size tolerance. The MMC modifier may be
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Feature | Tolerance Type Charactetistic
e Straightness
L Flatness
individual ‘Form { **** ? -
(single) (shape) i ,
Circutanty
Cylindricity
L . Protite of a line
Indivictual Privtile e
ot related (contour) o
Profile of a surface
Angtilarity
Orientation :
(attitude) Perpendicularity
Parallelism
Related | Position
Location .
Concentricity
Clrewdar runout
Runout :
Total runout

Maximum matenial condition-MMC
Madifying symbuls

teast material condition

U“ﬁ Projected toterance zone
()| Dt tace of dwe)
}}Stf) Spi‘weri(::a! (jia.;;:;été;; “““
©ione spriot = -

() Reterence

FIGURE 16.4 Categories of

Geometric Tolerancing e Arc length

Symbols
used in conjunction with the straightness of a feature axis all countries, unless otherwise specified, all tolerances
based on the cross-sectional size, flatness (by special note automatically apply RFS.
on features of size), datums of size with profile tolerances, & Position, except in the case of a single-plane surface,
and all datums and features of size or orientation and requires a modifier for all features and datums (Fig.
position tolerances. 16.6).

2 The RFS symbol is no longer used in the United States. In & Circularity, cylindricity, runout, concentricity, straightness
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Modifying Symbols

Symbol Ai)%}revisti(m Meaning

@ MM Maximum material condition

® “ IMe

FIGURE 16.5 Modifying Symbols

|.east material condition

?1.62-1.64

= =
f
Modifier required for

]
feature of size

FIGURE 16.6 Single-Plane Surface, No Modifier

B 0006 @ A |

No modifier
(plane)

of element lines, and profile of a feature may not use the
MMC modifier. The exception is for datums of size used
in conjunction with profile. A special note is required to
incorporate the MMC modifier in conjunction with flat-
ness:

(PERFECT FORM AT MMC NOT REQUIRED)

16.4 FEARTURE CONTROL FRAME

Geometric tolerances are placed in a feature control frame,
which contains a geometric characteristic symbol, the toler-
ance, modifiers, and datums (Fig. 16.7). The feature control
frame consists of at least the first two compartments shown
in Figure 16.8, but may contain three or more compart-
ments. The first compartment contains the geometric charac-
teristic symbol (one of the thirteen from Fig. 16.3). The
second compartment may contain a zone shape symbol, such
as the diameter symbol indicating the diameter of a cylin-
drical zone; the tolerance, in inches or millimeters; and a
modifier. The third compartment usually contains datums.
This compartment may have separators to order the da-
tums.

Feature control frames are not repeated or referenced on
a technical drawing. Datum identification symbols,

may be repeated where it is essential to ensure the correct
meaning.

25® |D|E|F]

@ @08® D

Composite feature control

— Symbol for "all around"

SIS 04 TA]

Symboi for "all around”

[@]203@[A[B@]

Combined feature control frame and datum feature symbol

$[006@]A[B®]
14 ®

Projected tolerance zone symbol

Minimum projected height
of tolerance zone

Feature control frame with a projected tolerance zone

FIGURE 16.7 Feature Control Frames

16.4.1 Maxdmum Materizl Condition (MMC)

In the maximum material condition (MMC), a feature or
datum feature is at the tolerance limit, meaning the part will
contain the most material (weigh the most). For an external
feature, such as a pin or shaft, MMC is the maximum limit
(Fig. 16.9). For an internal feature, such as a hole, MMC is
the minimum limit (Fig. 16.10). Remember that a part
weighs the most when the hole in it is the smallest size in the
range. Figure 16.11 shows the MMC and the least material
condition (LMC) in both an external and an internal feature.
The tightest fit between the two results when both features
are at MMC:; the loosest fit results when both features are at
LMC.

If the MMC modifying symbol appears in a feature
control frame (Fig. 16.12), the specified tolerance applies
only at MMC. In Figure 16.12, the perpendicularity toler-
ance is .004 when the feature is at MMC (.512). As the
feature deviates from MMC, additional perpendicularity
tolerance equal to the deviation is allowed. This is called the
bonus tolerance (Fig. 16.13). In other words, as the male
diameter decreases, the increase in perpendicularity results
in the same fit to the mating part. The modifying symbol for
MMC, specified in the feature control frame for the feature,
datum, or both, works the same way for all geometric
tolerances.
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FIGURE 16.8 Typical Configuration of a
Feature Control Frame

Symbol if

applicable — Referenced

\ datums

Appropriate \

gggmeecric Tolerance | Modifiers as

characteristic value required
4]

com / \“Modifier if <Third

compartment Second required compartment

External features

16.50
16.25
(Maximum material
condition)

FIGURE 16.9 MMC of an External Feature

Internal feature

MMC
(Maximum material
condition)

FIGURE 16.10 MMC of an Internal Feature

compartment

[¢] po00s® [AlB®][C]

This feature shall be positioned

within a cylindrical zone of 0.008
at MMC of the feature
relative to primary datum A
secondary datum B at MMC
and tertiary datum C

16.4.2 Least Material Conditon (LMC)

In the least material condition (LMC), a feature or datum
feature is at the tolerance limit, meaning the part will
contain the least material (weigh the least). For an external
feature, such as a pin, LMC is the minimum limit (Fig.
16.14). For an Internal feature, such as a hole, LMC is the
maximum limit (Fig. 16.15). The modifying symbol for
LMC, specified in the feature control frame for the feature,
datum, or both, works the same way for all geometric
tolerances. Table 16.1 shows the result of using Figure 16.11
as though LMC, rather than MMC, were specified in the
feature control frame. LMC is generally employed where
minimum bearing areas, minimum wall thickness, or align-
ment of parts is the main concern, not fit.

16.4.3 Regardiess of Feature Size (RFS)

The newest ANSI standard no longer uses the RFS modifier
symbol. In the ISO standard, RFS applies to every geometric
tolerance unless MMC or LMC is specified. For positional
tolerance, MMC or LMC must be specified for all features
and datums of size.

If no modifier is placed after the feature tolerance in the
second compartment, the tolerance must be met at all sizes.

16.4.4 Virtuzl Condition

The virtual condition (Fig. 16.16) is the condition resulting
from the worst-case effect of the size and geometric tolerance
applied to the feature. The free assembly of components is
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FIGURE 16.11 MMC and LMC Limits for
External and Internal Features Drawing specification
l s l
.544 .535
? 536 B ? 528 -
1 1
!
@ 536 -
? . i
Tightest fit
.536 -.535 =.001
Least material condition
! 7 !
@ 544 - @ 528 -
/ oy /;/ /’// 1
! AN IS IS I, Loosest fit
544 - 528 = .016
@ .506 - .512 % D
1 | _L[9.004®] A |
L 512
®.506
| 4, - | | |@.004a@] A |
.40
L- A
FIGURE 16.12 Perpendicularity When the Feature Is at MMC Actual Tolerance Virtual (fit)
MMC size size allowed condition
512 512 .004 .516
512 S .005 .516
512 .510 .006 .516
512 .509 .007 .516
512 .508 .008 .516
512 .507 .009 .516
512 .506 .010 .516

dependent on the combined effect of the actual sizes of the
part features and the errors of form, orientation, location, or
runout—for example, the axis is out of straight, the size of a
shaft is virtually increased, or the size of a hole is virtually
decreased. The formulas for determining the virtual condi-
tion are as follows.

FIGURE 16.13 Bonus Tolerance Addition to
Geometric Tolerance at MMC

External Feature:

Virtual condition = MMC size + geometric tolerance

Internal Feature:

Virtual condition = MMC size — geometric tolerance
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External features

16.50
16.25
16.25 LMC
(Least material
condition)
FIGURE 16.14 LMC of an External Feature
Internal feature
: ~16.50
s
LMC
(Least material
condition)

FIGURE 16.15 LMC of an Internal Feature

TABLE 16.1 Bonus Tolerance Addition to Geometric

Tolerance at LMC
LMC Actual Tolerance Minimum
Sze ke AMbwed Braring Aen
506 506 004 502
506 507 005 502
506 508 006 502
506 509 007 502
506 510 008 502
506 511 009 502
506 512 010 502

If an angular surface is defined by the combination of a
linear dimension and an angle, the surface must lie within a
tolerance zone represented by two nonparallel planes (Fig.
16.17). The tolerance zone will be wid~~ ~< the distance
from the apex of the angle increases.

16.5 DATUMS AND DATUM
SYSTEMS

Datums are theoretically exact geometric references derived from
the datum feature. Figure 16.18 shows the primary datum
plane established on a surface by three area contact posi-
tions. Datums are not assumed to exist on the part itself, but
are simulated by the more precisely made manufacturing
or inspection equipment or a computerized mathematical
model. A datum plane, for example, could be simulated from
the datum feature by a surface plate (Fig. 16.19).

Datums are points, lines, and planes. Datums provide
repeatable part and feature orientation for manufacturing
and inspection consistent with the expected mating charac-
teristics or orientation at assembly. Datums should be estab-
lished from “hard” features on the part, such as one or two
specific diameter(s) on a shaft (Fig. 16.20).

T ES
GE

Appl ity

A datum is a theoretically exact point, axis, or plane derived
from the true geometric counterpart of a specified datum
feature. A datum is the origin from which the location or
geometric characteristics of features of a part are established.
A datum target is a specified point, line, or area on a part
used to establish a datum. Tolerances, as they relate to
datums, are described according to the feature they locate.

If a drawing contains two or mor<e features, it is incomplete
if one or more datums are not specified. Without datums,
reliable engineering interchangeability is difficult or impos-
sible; setup criteria for manufacturing and inspection is then
arbitrary. Without datums, the design is compromised and
the manufactured part or assembly may not function as
intended.

16.5.3

EEECEEC

Locations and measurements are taken relative to three
mutually perpendicular planes, collectively called a datum
reference frame (Fig. 16.21). In inspection, a surface plate
and two angle plates perpendicular to it can simulate the
datum reference frame. In manufacturing, the bed of the
machine and clamps or other devices, along with the
direction of machine movement, provide location relative to
three mutually perpendicular planes.

=4
R

Datum features are selected to ensure the orientation of the
part and its associated features for interchangeability and to
ensure functional relationships. If a functional datum feature
is undesirable from a manufacturing or inspection stand-
point, a nonfunctional feature with a precise toleranced
relationship to the functional feature may be used, provided
all design requirements are met.
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FIGURE 16.16 Examples
of Virtual Condition
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The sequence of datums specified in the feature control
frame determines the order in which the datum features
contact the datum reference frames (Fig. 16.22):

1. The part primary datum feature is aligned with the
primary datum.

2. While in full contact with the primary datum, the
secondary datum feature is aligned with the secondary
datum.

to the secondary datum, the tertiary datum feature is
pushed into contact with the tertiary datum.

The primary datum is established by full contact with of
a minimum of three noncollinear points on the part (recall
that three noncollinear points define a plane). The second-
ary datum is perpendicular to the primary datum and is
established by contacting a minimum of two points on the
part (two points establish a line). The tertiary datum is
perpendicular to the primary and the secondary datums
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This on the drawing

~

(a)

Means this

FIGURE 16.17 Tolerancing an Angular Surface Using
Linear and Angular Dimensioning

and, therefore, needs only one point of contact on the part to
establish it. In Figure 16.22, notice that the three directions
of measurement, X, Y, and Z, are established on the part, as
are their origin datums. Precise and repeatable measure-
ments may now be made as the part is oriented and locked
in position. Datums are specified on the drawing to ensure
the intended datum reference frame.

16.5.6 Patum Targets

Datum targets are specific points (Fig. 16.23), lines (Fig.
16.24), or areas (Fig. 16.25) that are used when an entire
surface may not be suitable as a datum feature. For example,
‘he rough surfaces of castings and forgings are difficult to
ase. If a limited portion of a feature is not a point, line, or

Part Datum

feature

R

i

+

L Simulated datum —
surface of manufacturing
or verification equipment

Theoretically
exact datum plane

FIGURE 16.19 Theoretical and Simulated Datum and
Datum Plane

This on the drawing

(a)

Means this (b)
Datum axis A-B
Datum Y Datum
feature A feature B

Simulated
datum B

Smallest pair of
coaxial circumscribed

datum A

cylinders

FIGURE 16.20 Coaxial Datum Features

This on the drawing

Means this (b)

Area contact

A1, A2, A3

i

Datum surface

Datum plane A

@18

IGURE 16.18 The Primary Datum
istablished by Three Area Contact
‘ositions
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< > Datum axis

Datum point /

_Y(goo_ N

Direction of measurements —

90°"
[ Datum axis
o <
Datum planes
origin of
Datum axis measurement
FIGURE 16.2t Datum Reference Frame
] A D2 This on the drawing (a)
'
P]
120
3-point ; .
contact min. . 3
v‘ 2-point Ny
z contact min. /X
1-point
contact min.
or
£
P2 N,
FIGURE 16.22 Datum Reference Frame—Datum ¥ 4‘ L
Precedence 120 [P]
Means this (b)
Part
local flat area (a portion of a cylindrical surface, for ex-
ample), then partial datums (Fig. 16.26) may be employed
instead of targets.
In Figure 16.27 datum targets A1, A2, and A3 establish .
the primary datum; datum targets B1 and B2 establish a Point contact
secondary plane perpendicular to the primary plane; and C1 at basic location
establishes the tertiary plane perpendicular to the primary Locating pin

and secondary planes. The datum target identification sym-
bol is shown in Figure 16.28. FIGURE 16.23 Datum Target Point
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This on the drawing (a)

/
L
@
LN

Means this (b)

This on the drawing (a)

Means this (o)

Simulated datum

Locating pin

FIGURE 16.24 Datum Target Line

16.5.7 Datwm Target Depiction

Datum target points are depicted by a dense 90° “cross” (X)
at 45° to the centerline (Fig. 16.29), at twice the letter
height. The leader line from the datum target symbol does
not terminate in an arrowhead. A solid leader line indicates
that the target is on the near side; a dashed leader line
indicates that the target is on the far side. The three mutually

®

FIGURE 16.25 Datum Target Area

FIGURE 16.26 Partial Datums

&
FIGURE 16.27 Datum Targets Used to Establish a Datum
Reference Plane

Datum target area
/" size {as required)
/

3.5 X letter height

[
[ — Target number
Datum letter

FIGURE 16.28 Datum Target Identification Symbol
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2.82

FIGURE 16.29 Datum Targets Showing
“Step” and “Equalizing Dimensions”

—lgg

FIGURE 16.3¢6 Dimensioning Datum B
Targets

perpendicular planes from which to measure X, Y, and Z
distances are locked in place and repeatable for each indi-
vidual part. Datum targets may also be located on the
drawing by dimensions (Fig. 16.30).

16.6 GEOMETRIC TOLERANCE
OF FORM, PROFILE,
ORIENTATION, LOCATION,
AND RUNOUT

Geometric tolerances of form, profile, orientation, location,
and runout are described in this section.

16.6.] Form Toleramces

Form tolerances are applicable to individual features or
elements of single features. Such tolerances do not use
datums because they are related to a perfect counterpart of
themselves. These “pure form” tolerances are: straightness,
flatness, circularity, and cylindricity.

16.6.2 Straightness of Flement Lines

The straightness tolerance specifies variation from a straight
line. Each element line on the surface must be straight
within the specified straightness tolerance. For element
control, the leader from the feature control frame must be
directed to the outline of the part where the element to be
controlled appears as a straight line [Fig. 16.31(b)]. For a
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TOLERANCING AND ITS
ROLE IN INDUSTRY

hangeable parts played an nnportant
hution. Much of the technology that

Mass production of imer
role e the Indusiial R
we enjoy today also relice on interhangeable components.
Automobiles and compner G uits are good examples of mass
production and the impottance of size comtrol,

While it 1g impoessible to make any pan exactly the same
size as another part, it s possible 1o keep component dimen-
stons Lo a specific range of sizes. Geometrical relationships can
also be specified. These dimension resirictions are specihed
with tolorances: Component frmetion deternvines the digrec of
talerance. Fhis provess ensures that parts made i one location
ate merchangeable with parts made m another locauon

rectangular part, the view in which the leader is shown
determines the direction of the indicator movement zone. In
this case, each element on the surface is to be straight within
the specified tolerance, and the feature must meet the size
tolerance.

16.6.3 Straightness of an Axis

If straightness of an axis is specified, the leader from the
feature control frame must be directed to the size dimension
[Fig. 16.31(c)], and a diameter symbol (&) must precede
the tolerance in the feature control frame. An exception is
made if the zone is not cylindrical.

16.6.4 Flatness

Flatness means that a surface has all elements in one plane.
Flatness must be within the size tolerance, but has no
orientation requirement. Therefore, it may be tilted in the
size zone. A flatness tolerance specifies a tolerance zone
defined by two parallel planes within which the surface must
lie [Fig. 16.31(d)]. When a flatness tolerance is specified, the
feature control frame is attached to a leader directed to the
surface or to an extension line of the surface. It is placed in
1 view where the surface elements to be controlled are
represented by a line. If the considered surface is associated
with a size dimension, the flatness must be less than the size
:olerance.

£6.6.5 Circularity

A circularity tolerance specifies a tolerance zone bounded
Jy two concentric circles within which each circular element
of the surface must lie, and applies independently at any

For example, Eagle Engine Manufucinng produoces -8
engines Loy top fuel dragsters The Fagle engine can produce
3000 hp and is designed 1o allow [ov different comfigurations
¢ ylinders are imerchangeable, nd the head accommeodates
one to thiee spatk phige per ovhnder This means the engine
can be configured for a dragster or a tractor. Specific patts for
the engine were designed ona CAD system with wolermce
capahilities to sixteen mat places. The design was casily
modified it aother Conbipuation with 1s tolerance apect:
fations.

Producing componeiits to specilic tolerances makes 1t pog
atble to massproduce goods and modify existing components
w bt differem needs This system g the manufaciuer
flexibibey, allowing the poart to change guickle with maket
trends and rechnological advances. Ths kind of Hesthiliry i@
¢ssential in the competitive world of taday and tomomow

gy

{5

plane described in the list in Figure 16.31(e). The circularity
tolerance must be less than the size tolerance, except for
those parts subject to three-state variation.

£6.6.6 Cylindricity

Cylindricity is a surface of revolution in which all points of
the surface are equidistant from a common axis. A cylindric-
ity tolerance specifies a tolerance zone bounded by two
concentric cylinders within which the surface must lie [Fig.
16.31(f)]. In the case of cylindricity, unlike that of circular-
ity, the tolerance applies simultaneously to the entire surface.
The leader from the feature control frame may be directed to
either view. The cylindricity tolerance must be less than the
size tolerance.

16.7 PROFILE TOLERANCES

A profile is an outline of a 2D part in a given plane. Profiles
are formed by projecting a 3D figure onto a plane or by
taking cross sections through the figure. The elements of a
profile are straight lines, arcs, and other curved lines. If the
drawing specifies individual tolerances for the elements or
points of a profile, these elements or points must be verified
individually. With profile tolerancing, the true profile may be
defined by basic radii, basic angular dimensions, basic
coordinate dimensions, formulas, or undimensioned draw-
ings.

The profile tolerance specifies a uniform boundary along
the true profile within which the elements of the surface
must lie. It is used to control form or combinations of size,
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FEATURE CONTROL FRAME 'y
GEOMETRIC CHRARACTERISTIC ERTIRRY DATUM
ZONE SHAPE SYMBOL SECONDARY DATUM A AN
TOLERANCE PRIMARY DATUM I \VV \}/
MOBIFIER
DATUM [DENT. SYMBOL Cgm‘wém BASIC _LD A
[757] 7\
A
EA0005 | |1 roReTicaLLY Y WY
TARGET AREA SIZE A/R EHACT = .
DI At Vi
COMPOSITE POSITIONAL 34 §.262-.268
\A,/ TOLERANCE Do alB]¢c
PLANE & TRRGET NO. Em Al e@[c@ O1D.00s O] 4]
DATUM TARGET SYMBOL @.o0s M| a DATUM REFERENCE FRAME/ 3 PLANE SYSTEM
EHCLUSIONS TO RULE # 1 PERFECT FORM AT MMC e S B S 0§ DIAMETER
1. STOCK SPECIFICATION 4. FREE STATE UARIATION e
g- 1?&2{7;5?3335%07; 5. STRAIGHTNESS-AHIS CONUERSION CUSTOMARY TO METRIC & BACK
. . . INCHES ¥ 25.4 = MILLIMETERS (EHACTLY)
[T] PERFECT FORM AT MMC NOT REQ'D MILLIMETERS H .039 370 078 7 = INCHES
POSITIONAL TOLERANCE FORMULAS reaTuRe | TOLERANCE | o upot lcHAaRACTERISTIC | DATUM
B = MMC. 8 HOLE $12€ TYPE REQD  |MODIFIERS
T = MMC & POSITIONAL TOLERANCE — | sracimess Not ® oNAXis
F = FASTENER 8 UIRTUAL CONDITION Qlllo;/vgdt- OV
a4 ALATNESS elated to
FLOATING FASTENER SYSTEM INDIVIDUAL|  FORM a RULE 1 NA
EQUAL TOLERANCE DISTRIBUTION (SINGLE) (SHAPE) O | cmoutary perfect
counterpart NONE
1.T=H-F N CYLINDRICITY
2.H=F+T
INDIVIDUAL| PROFILE A~  |PrOFLEOFALINE 'gﬂ'é?
FLOATING FASTENER SYSTEM OR RELATED| (CONTOUR) e ALLOWABLE| ONLYO
UNEQUAL TOLERANCE DISTRIBUTION [
T1 = MMC 8 POSITIONAL TOLERANCE 2 | aveuarny ® ror
part # 1 FEATURES
ORIENTATION PERPENDICULARITY REQU
T2 = MMC & POSITIONAL TOLERANCE (ATTITUDE) | = FED CRDATUMS
part # 2 Y/4 PARALLELISM
H1 = MMC 8 HOLE SIZE-part #1 RELATED @ |rosmon sl [C IR C)
H2 = MMC 8 HOLE SIZE-part #2 LOCATION =
(o] CONCENTRICITY REQUIRED
3. T1 = (H1 + H2) - (2F + T2)
/ CIRCULAR RUNOUT REQUIRED NONE
4, H1 =(T1 + T2) - (2F - H2) RUNOUT
A | ot rmout REQUIRED
FINED FASTENER SYSTEM
EQUAL TOLERANCE DISTRIBUTION ® |woxummsreraconomon cronrm
5. T=M-F/2 MODIFYING SYMBOLS
6. H=F+2T O LEAST MATERIAL CONDITION LMC-ALIGNMENT
FIHED FASTENER SYSTEM
UNEQUAL TOLERANCE DISTRIBUTION () | PROJECTED TOLERANCEZONE TAPSPRESS FITS
7. Tt=H1-(T2+F) @ | DIAMETER (FACE OF DWG) ORGYLIND. ZONE
8. KH1=T1 +T2+F ADDITIONAL S Q SPHERICAL DIAMETER TOL ONPOINT
STRAIGHTNESS ON R UNIT BRSIS SYMBOLS R RADIUS DIVENSIONNG
r= c 2 h
;;"' * - SR | sPHERICAL RADIS DIMENSONNG
¢ — () |reErence AENUAZE UBAGE
her-ygr-=C
,f — ARCLENGTH ABOVE DIMENSION
(a) Cover
FIGURE 16.31 Summary Fact Data Sheets
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SYMBOL

CONTROL OF
straightness of
element lines

DRAWING

TOLERANCE
ZONE

(between two lines)
EXPLANATION

Each element line on the surface
shall be straight within the
specified straightness tolerance.

(There is no orientation or
relationship requirements of the
elements to each other.)

SIZE RULE

Entire feature shall lie within
size tolerance envelope/boundary
{Rule 1 applies)

DATUM/MODIFIER
Applies RFS only for elements

NOTE:
() may only be applied to
straightness of the axis,
elements must be RFS.

A datum may not be specified
in conjunction with straightness.

FORM TOLERANCE

STRAIGHTNESS OF ELEMENT LINES
DRAWING SPECIFICATION

510
.500

4+ 19

DRAWING MEANING
> LMC(.500)

All elements

> LMC ' on all features
[ straight within
(-50%) t (.002)
5MM(‘;—-L—>'——-—— ﬂ—bl— <MMC(.510)
(.510)
INSPECTION DIAGRAM
_________ Indicator Travel Two ends of item
set/zeroed to the
Parallel to surface plate

surface plate 1

4

Adjustable

Surface Plate

Inspection Notes:

1. Several elements are to be verified independently
2. Vee Block and Dial Indicator combination is con-
sidered inconclusive for rejection as parallelism of
the elements contacting the Vee are inciuded.

50,01 1

T

ELEMENT LINES-FLAT SURFACE

é
%
g
g

TOLERANCE.

NOTE: TOLERANCE ZONES ARE INDEPENDENT!
NO RELATIONSHIP OF THE ZONES TO EACH
OTHER OR ORIENTATION TO ANY SURFACE
IS REQD. PART MUST BE WITHIN SIZE

ANYWHERE WITHIN
THE SIZE TOLERANCE
INDEPENDENTLY AT
ALL CROSS SECTIONS

(b) Straightness of element lines

FIGURE 16.31

Summary Fact Data Sheets—Continued
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SYMBOL

CONTROL OF
straightness of
the axis of a feature

2.500-.510

DRAWING
9.500-.51
=—!2.002

TOLERANCE
ZONE

CYLINDRICAL ZONE
OR PARALLELEPIPED

EXPLANATION

Each element tine on the surface
shail be straight within the
specified straightness tolerance.

{There is no orientation or
relationship requirements of the
elements to each other.}

SIZE RULE
The centerline of the feature shall}

within the specified tolerance
Ot or paralieiepiped. Rule 1 does
not apply. The size tolerance is
only met at each cross section--
aflows a virtual conditiont

DATUM/MODIFIER

Normaily applies RFS;

) may be added to features
of size. Leader must be
directed to size tolerance.
@ symbol required where
zone is cylindrical.

A datum may not be specified
in conjunction with straightness.

[—

2.002

FORM TOLERANCE

STRAIGHTNESS OF THE AXIS
DRAWING SPECIFICATION

2.500-.510

— o028

RFS

2.500-.510
ONLY AT
CROSS SECTIONS

DRAWING MEANING

ONLY AT

2.500-.510

CROSS SECTIONS

Least Squares
Axis (LSA) /
)

9.512 VIRTUAL

MMC

from the best fit center or Least Squares
Centers measured at each cross section.
sLocation of best fit cross sectional
centers relative to LSA are analyzed for
conformance relative to cylindrical
straightness tolerance zone.

*Resuits in a Virtual Condition for fit:
Shaft=Max. size plus straightness tol.
Hole=Min. size minus straightness tol.

%]

.605-.615

3.00

CONDITION
] y
LCemerune within .002 ACM,,,"M within 002
cylindrical zone cvlindrical zone at
Regardless of MMC, Straightness
Feature Size tolerance increases
Best fit or Least Squares Centers equal to feature size
9 departure from MMC
INSPECTION DIAGRAM
Cross Sectional | Allowable Cylindrical
Measured Size Tolerance Zone
Coordinate "
Measuring :\\\\\\: '55“" (MMC) : :
Machine with E -
K § .506€
Computer. Ny ) 504
.502 1
.500 (LMC) .01
«Least Squares Axis (LSA) is established

2.512 Gage Verifies Straightness,
Virtual Condition of feature.

AV A ARURRRAR RSN

4.010

8 .001/1.00

le— 4.00 ——»

ON THE AXIS-RATE BASIS

VERIFICATION OF STRAIGHTNESS

4.00

)

4.00

» Micrometer or Snapgage used to
verify size (locally).

.016 «@#—NOTE: OUT OF STRAIGHT

.001/1.00 IN 4.00 IS
016 NOT .004.

o

rﬂ.m

¥

(c) Straightness of the axis

Summary Fact Data Sheets—Continues
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SYMBOL
e FORM TOLERANCE
CONTROL OF FLATNESS
flatness
of plane surfaces DRAWING SPECIFICATION
DRAWING [ =Ezm
7] 004 |
XXX+.005
] I |
DRAWING MEANING
TOLERANCE .004 Flatness Tolerance any orientation .010 Size Limits
ZONE within size limits r
feature. t
f
(between 2 paraliel planes) L |
EXPLANATION
The surface of the INSPECTION DIAGRAM

feature shall lie between
2 parallel planes separated
by the tolerance (t); NO Dial Indicator
particular orientation req'd.
SIZE RULE |

Multidirectional
Entire feature shall lie within | indicator movement
size/locational fimits. relative to surface plate
(Rule 1 applies) or deviations measured from
least squares plane relative to R A LA LRI TRV SR
DATUM/MODIFIER datum on CMM (Coord. Meas. Mach.). Surface Plate
Normally applies RFS as it INSPECTION NOTES:
must to single plane surfaces. Note: Flatness may be measured on a surface plate as shown above or on a Coordinate Measuring Machine
(CMM) using the Least Squares Plane (LSP) or equivalent method. On a surface plate where only 3 points
@ Not per ANSI-but may be are used to establish a reference plane paraliel to the surface plate (zeroed out) the resuit may not be
added by special note as follows: conclusive.
X. PERFECT FORM AT MMC RATE BASIS MEASUREMENTS:
NOT REQUIRED (NOT PER ANSI). Flatness may be measured on a "rate basis” per each square or circular inch or centimeter.
A datum may not be specified 1.00
. .008 .008
as flatness is related to a 7 Yo j
perfect counterpart of itself. .001/8 1.0 or 001 [J1o]| 1-00
- g
u 260 Virtual
.256
= g B et Condition
L2500 e
«
& 1 200
- 2 *
2 20.168 .256
3 .250
g pecification (local) Meaning
3 1 |[PERFECT FORM AT MMC NOT REQUIRED..

(d) Flatness
GURE 16.31 Summary Fact Data Sheets—Continued



SYMBOL

CONTROL OF
circuiar element
lines

DRAWING
2.500-.510
002

ol

TOLERANCE
ZONE ,t
o

Annular Zone

EXPLANATION
Each circular element fine shall
JIndividually-at each cross
section, be circutar within the
specified circularity tolerance.

The Least Squares Center shall
be used unless otherwise specified

SIZE RULE

The element is a trace on the
Jsurtace and therefore must remain
within the specified size limits for
the considered feature/surface.

(Ruie 1 applies.)

DATUM/MODIFIER
Applies RFS;

@ may be not be added as the
element is a trace on the
surface and cannot be con-
sidered independently.

A datum may not be specified

in conjunction with circutarity;
circularity is related to a perfect
counterpart of itself.

Chapter 16

GEOMETRIC DIMENSIONING AND TOLERANCING

FORM TOLERANCE
CIRCULARITY

DRAWING

SPECIFICATION
2.500-.510

DRAWING MEANING

Feature

4

Feature envelope R

Least Squares Center
this cross section

2.510 Max
Envelope

4 R1

red

b @.500  Min

Circularity {Annuiar Zone, R1-R2)
*within feature envelope

Normally Least Squares Centers but center may be specified as MIC (Maximum
inscribed Circle); MCC (Minimum Circumscribed Circle}; or MRS (Minimum Radial

Separation [Comparitor Verification]).

INSPECTION DIAGRAM

o~
X
|\
Roundness
Measuring
Machine or
CMM with
Computer

RECOMMENDED METHOD
OF INSPECTION

Feature Axis

Between Centers
{Uses wrong center)

Vee Block/indicator
{Lobing and Vee Angle
cause errors)

UNRELIABLE
METHODS OF
INSPECTION

Micrometer
{Center floats)

ROUNDNESS CALLOUTS ON
SHAPES OTHER THAN

CYLINDRICAL

O] 002 |

I\

CONES

ANY SOLID/SURFACE OF REVOLUTION

597

accentricity
of cross sect.
center 0
{eature axis

(e) Circularity
FIGURE 16.31

Summary Fact Data Sheets—Continues
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CONTROL OF
the surface of a
cylindrical feature

DRAWING
9.500-.510
.002

TOLERANCE
ZONE

Annular Zone

FORM TOLERANCE

CYLINDRICITY
DRAWING SPECIFICATION
2.500-.510

DRAWING MEANING

anywhere within size limits

LMC R r.002 annular tolerance zone-2 concentric cytinders

—

m

R2g MMC

EXPLANATION
The surface of the feature shall
fie within the annular space (1)
between two concentric
cylinders
hThe Least Squares Axis shall
be used unless otherwise specified

R2 = R1+ Utoi.

SIZE RULE
The cylindricity tolerance for
*rigid parts must be within the
specified size limits for the
considered feature/surface.

Roundness

2.500

Normally Least Squares Axis but axis may be
specified as MIC (Maximum Inscribed Cylinder)or
MCC (Minimum Circumscribed Cylinder).

INSPECTION DIAGRAM

- e -

FREE STATE

(Rule 1 applies.) Between Centers

*Parts in the free state excepted. ::::::;:ngr \“‘"“ ~ {uses wrong center)
CMM  with 5\ Vee Block/Indicator

DA_TUMIMONF'ER Computer [ itter SO\ (Lobing and Vee Angle 3%
Applies RFS; s cause errors.) c3kS
@ may be not be added as this £3 :i‘ ;‘*

tolerance is a refinement of CREL)
the surface shape and cannot RECOMMENDED METHOD S
be considered independently. OF INSPECTION UNRELIABLE
A datum may not be specified METHODS OF Micrometer
in conjunction with cylindricity; INSPECTION {Floating center)
cylindricity is related to a perfect
counterpart of itself. I
T
Ew SPECIFICATION MEANING
= E 1. Find the Least Squares Centers (LSC) at
e B several cross sections.
< . 2. Find the Least Squares Axis {LSA) from
5 g — the LSC's.
s 3. Determine conformance by taking radii

E ez on the surface relative to the LSA.
g 5 o @ AVG 70.020 4. The Cylindricity tolerance must be iarger
g % 69.992 than the AVG DIA. for FREE STATE parts.
Sac 5. Max width of part is 70.020 + .140.
533 Min width is 69.892 - .14C. This is true

mathematically even though .140 is a radial value.

(f) Cylindricity
FIGURE 16.31

Summary Fact Data Sheets—Continued
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SYMBOL
N FORM/PROFILE TOLERANCE
CONTROL OF PROFILE OF A LINE
profile of a line DRAWING SPECIFICATION

le—:—»| M .c02]als]c]

! |

-

Slows]

DRAWING MEANING & INSPECTION DIAGRAM
Tracking normal to true profite
Reset at each plane of measurement

{Separate sets of two contour lines}

EXPLANATION
Each element on the surface shall
lie within two equidistant true
contour lines separated by the
tolerance (1) relative to the datun

The feature(s) being toleranced
must be dimensioned “BASIC".

SIZE RULE
Entire feature shall lie within
sizellocational limits.
Where the feature is located by *Separate!g taken at
a BASIC dimension, rather than | each cross section any-
both the size and form variations where within size tol.
must remain within the profiie
tolerance boundary.

DATUM/MODIFIER

A datum may be specified with a
profile tolerance.

Applies RFS; only (size} datums
may be modified to MMC.
may be appiied to datums
only which have a size
tolerance (not a singie
plane surface).

v¥l~rﬂaasuring Plane (typ)
Relative to Datums

Size Tolerance 2one

g

Where tolerance zone is not to be
equally disposed about the basic, the/
zone must be shown at a conspicuous
place on the contour {exaggerated).

O— ) .003]

TOLERANCE CONVENTION

ADDITIONAL PROFILE

[— el B
: i
Vb E : l Lprofile of a line
] 1 =
siteitiﬂérance tolerance (typ.) END OF PART PER ANSi~gng -
END DIEW SIDE UIEW : POSSIBLEENDOF PA

(9) Profile of a line
FIGURE 16.31 Summary Fact Data Sheets—Continues
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SYMBOL
o FORM/PROFILE TOLERANCE
;Ij:o":“o" ‘:: PROFILE OF A SURFACE
profile. of a surface . DRAWING SPECIFICATION oo
DRAWING
O L004{A

=

TOLERANCE ZONE

Two equidistant true boundaries

EXPLANATION

The surface of the feature shali
lie within two equidistant true
contours separated by the toler-
ance (1) relative to the datum.

The feature(s) being toleranced
mus! be dimensioned "BASIC".

SIZE RULE

Entire feature shali fie within
size/locational limits.

Where the feature is jocated by
a BASIC dimension, rather than +
both the size and form variations
must remain within the profile

tolerance boundary. zﬁ
(<]
DATUM/MODIFIER wg
A datum may be specified with a foi-' %‘
profiie tolerance. x §
Applies RFS; only datums may :
be modified to MMC. =8
; Z Z Where tolerance zone is not to be
may be applied to dalums
® om!yt which have 2 size g & equally disposed about the basic, the /
tolerance {not & single & % zone must be shown at a conspicuous
plane surface). g e piace on the contour (exaggerated).

CTIONS

2 SURFACES g&.f’cz__%:é—)_ji
.008

LKL LN

END OF PART PER ANSi~~jngs
POSSIBLE END OF P

Coplanarity refates surfaces to a plane,
however, orientation to a datum is not controfled.

COPLANARITY AND INTERSE

R R R KRS

LA NN

o

(h) Profile of a surface
‘’\GURE 16.31 Summary Fact Data Sheets—Continues



FIGURE 16.31

SYMBOL
<

CONTROL OF
angularity of plane
surfaces

DRAWING

two parallel pilanes

EXPLANATION
The surtace of the
feature shall lie between
2 parallel planes separated
by the tolerance (t) which
are at the basic angle to the
datum.

SIZE RULE

The end of the part is measured
to the end of the physical
teature; not the zone
intersection.

DATUM/MODIFIER

Normally applies RFS as it
must to single plane surfaces.

(M) may be applied to datums
or features which have a
size tolerance (not a single
plane surface).

A datum must be specified with
angularity even though it may
be obvious.

601

Chapter 16  GEOMETRIC DIMENSIONING AND TOLERANCING

ORIENTATION TOLERANCE
ANGULARITY

DRAWING SPECIFICATION

/4] 0025 [ A |

4

L .50+.02
DRAWING MEANING

2z 0025 WIDE ZONE K‘—OO% WIDE ZONE
7/

-50 .

NOTE: LENGTH IS MEASURED INDEPENDENT OF THE ANGLE.

V4
7’

INSPECTION DIAGRAM

L————-.oozs WIDE ZONE

PARALLEL TO
SURFACE PLATE

JO-BLOCKS—P»

m&lrhce Plle
INSPECTION AT MMC -
Where features or datums (or both) of size are specified angular at MMC the angularity tolerance increases
as the feature or datum (or both) depart from MMC by a like amount. (e.g. A male feature 502 1.002 with
an actual size of .502; and a male datum of .754+.004 with an actual size of .754 which are

m@ may be .002+.004+.005 out of angularity {.011).

Diameter

1.504 (MMC)
1.503
1.502
1.501
1.500
1.500

21.500-1.504

(i) Angularity

Summary Fact Data Sheets—Continues
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SYMBOL
L ORIENTATION TOLERANCE
CONTROL OF PERPENDICULARITY
perpendicularity of DRAWING SPECIFICATION
plane surfaces 8] 10025 [a (s
DRAWING
m A secondary datum

is optional

|
«—2.00:.02—]

TOLERANCE ZONE DRAWING MEANING

! tl— 0025 perpendicularity
zone perpendicular to datum -A- (& -B- if specified)
anywhere within size/location tolerance.

Datum @

two parallel planes t:1 .98 MIN—®  |@—size tolerance

2.02 MAX =
EXPLANATION
The surface of the INSPECTION DIAGRAM

feature shall lie between
2 parallel planes separated
by the tolerance {t) which
are at 90° to the datum,

SIZE RULE
Feature shall be separately
within locational (&/or size)

tolerance where perpendic-
ularity is_specified.

OADADAA WU

tface Plate

Multidirectional

DATUM/MODIFIER |l inspecTioN AT MMC

Normally applies RFS as it Where features or datums (or both) of size are specified perpendicular at MMC the perpendicularity tolerance
must to single plane surfaces. |Jincreases as the feature or datum (or both) depart from MMC by a like amount.
may be to datums {e.g. A male feature .502 +.002 with an actual size of .502; and a male datum of .754+.004 with an actual
y be applied i S
or s have & size of .754 which are Llo @‘ may be .002+.004+.005 out of perpendicularity (.011).

size tolerance (not a single

Feature median plane

Blan surtace). E t .- shall be within .005
A datam must bo svecifod wih 11 S 2 ¥ axMMCloefeamreF
m_myst be specified §§ - e -as the feature dep-
perpendicularity even though » T arts from MMC the
 may be - g % two paraliel planes ndimcderitny o
= perpendicular 1o datum$ feature median plarteA ¢ i:r the plane

Examples of feature sizes vs. alowable Perpendicularity

Actual Feature | Allowable Virtual
Diameter Perpendicularity} Condition

;—' .254 (MMC) .002 256
l I .253 .003 .258
0.2558-.2560
ert—o.2s0- 250 (A Livooi@lA]| 22 e e
Llooz®[A] ~ ~

Typical functional gage used to 250 006 256
verify perpendicularity; size of
pin is a separate verification. .2635 .0025 .256
(Tolerances chosen by author)

PERPENDICULARITY AT MMC

(j) Perpendicularity
IGURE 16.31 Summary Fact Data Sheets—Continued



Chapter 16  GEOMETRIC DIMENSIONING AND TOLERANCING

SYMBOL
/4

CONTROL OF ORIENTATION TOLERANCE
parallelism PARALELLISM
of plane surfaces DRAWING SPECIFICATION

DRAWING l 1 1//71.0825]4 ] T

XXX+.005
L }

TOLERANCE DRAWING MEANING

ZONE Parallelism zone parallel to datum ) L.
Feature t {.010) Size Limits

-

L Datum

EXPLANATION
The surtace of the INSPECTION DIAGRAM
teature shall lie between
2 paraliel planes separated
by the tolerance (t} which Diai Indicator
are paraliel to the datum.

R |

¢ SIZE RULE Multidirectional

tire feature shali ie within indicator movement
size/locationa! fimits. relative to surface plate | — —|
(Rule 1 applies) or deviations measured from Surface Plate

least squares plane relative to
DATUM/MODIFIER datum on CMM (Coord. Meas. Mach.}.

Normally applies RFS as it INSPECTION NOTES:
mus! 1o single plane surfaces. Note: Parallelism must be relative to a datum (point, line, or plane)

may be applied to datums therefore (uniike the dictionary definition) curved equidistant lines

or features which have a are NOT considered paraliel.

size tolerance {not a singie INSPECTION AT MMC

plane surface}. whnere teatures or datums (or both) of size are specified paraliel at

MMC the paralielism tolerance increases as the feature or datum (or both)
A datum must be specified with depart from MMC by a like amount. {e.g. A male feature .502 £.002 with
araileiism even though il ma an actual size of .502; and a male datum of .754£.004 with an actual size
Bs o, ouen T may of 754 which are //[.005 @ JAGA)] may be 002+.004+.005 out
' of paralie! {.011).

% 2 .500-.504 Examples of feature/datum sizes vs. ailowable parallelism .495

] AN Actual Datum |  Actual Feature] Allowable Pin

o mm% Diameter Diameter Paralielism

2 500 (MMC}) 750 (MMC) 005 I

< 501 751 007

H 502 752 009 GAGE 2.98-3.02
& 3.002.02 ©.750-.758 503 753 011 DIAGRAM | Adjustable
& .504 754 013

@ 504 785 014

& 504 756 015

e 504 757 016

s 504 758 017 ©.750
- 502 750 {MMC) 007 Pin

(k) Parallelism

FIGURE 16.31 Summary Fact Data Sheets—Continues
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Part Four

SYMBOL
”

CONTROL OF
Circular runout-efementg

DRAWING
O H.HR-K.RR

(X |.005]A]

TOLERANCE ZONE

Typ.
each
cross
section
of feature

C Datum Axis
360°

Two concentric circles
1 vev. centered on datum axis
EXPLANATION
Each circular element shall be
within (1} FIM for one revolution
of the part about the datum axis-
separately at each cross section.

Each element is separately
verified for conformance.

SIZE RULE
Circular Runout verifies the form
{circularity), and position of each
circular element as a composite
-gsize is a separate verification.

Each feature shali be within (and
be given) size (&) and locational

H.HH
b h

one revolution §
per reading

one revolution R
per reading

PROCESSES AND DOCUMENTATION

LOCATIONAL TOLERANCE-CIRCULAR RUNOUT
DRAWING SPECIFICATION

O H.HR-H.HH

| X |.005 [A]

DRAWING MEANINGS & INSPECTION DIAGRAM

ALL READINGS=FIM (FULL INDICATOR MOVEMENT).

Indicator is reset
for each reading
convexity and
concavity not
detected

Vee Block

Indicator is reset
for each reading-
out of perpendic-
Jularity is detected

Vee Block
per reading

one revolution
per reading

OE=

one revolution

Indicator is reset
for each reading-
convexity and
concavity not
detected

Vee Block

Indicator is reset
for each reading-
-~ out of position
and out of round
are both detected

Vee Block not shown for clarity

limits.

DATUM/MODIFIER

A datum axis must be specified
with a Total Runout tolerance.

Applies RFS; only 1o both datums
and features.

@ is not applicable as a Vee
Block and indicator check is
considered adequate.

[TYPES OF AXES TO SPECIFY

A

to a plane (primarily) and

LI [Elee
- —
[ X ].005[A] ,
1. A datum diameter
of sufficient length. _]

2. A datum axis perpendicular

then centered on a diameter.

2
—F

TE_ -
WAETE )
3. Two datum features of

sufficient separation used
to construct a single datum.

ERRORS DETECTED BY
CIRCULAR RUNOUT

‘ VElFlES FOM ONLY VERIFIES ORIENTAT-{ yERIFIES LOCATION FULL
| ¥ 1.005 [A] FOR ROUNDNESS-NOT ION AS POSITIONAL § SEPARATELY AT lNDICATORﬂ
IN LONGITUDINAL VIEW ERRORS THIS VIEW. § EACH CROSS SECTION § MOVEMENT
0

*:_

e ced
v o el

(1) Circular runout
IGURE 16.31

Summary Fact Data Sheets—Continued



Chapter 16 GEOMETRIC DIMENSIONING AND TOLERANCING

two .
concentric
isks

two
cylinders
concentric

004

EXPLANATION
The surface of the feature shall
lie within two equidistant true
contours separated by the
tolerance (t) relative to the
datum axis.
Each feature(s) is_separately
verified for conformance.

“TAXIS A-B

s

SIZE RULE
Total Runout verifies the form,
orientation, and location of each
feature as a composite-size is
a separate verification.

Each feature shall be within (and
be given) size (@) and locational

NOTE: -A- AND -B-
TOGETHER ESTABLISH
THE SINGLE AXIS A-B.

EACH FEATURE SEPARATELY _
TRAMMED TRUE TO AXIS A-B

SYMBOL
/4 LOCATIONAL TOLERANCE-TOTAL RUNOUT
T DRAWING SPECIFICATION
total runout of surfaces A | 005 [R-B] L)
HRH-HH UNF-3B THD 28 nn-nn
DRAWING (XA 004 [R-B] XA 005 [A-B] 2w
£ R.EH-K.HH 0.0. o 5
[ XA].003]R] / :
] ANY 2 DIA.S RUNOUT TO A I 7]
COMMON AXISARE RUNOUT  \ gﬁ:ﬁgi@%ﬂ%ﬁs
#7] 005 1A i Jd %‘EHR%L“OESTTSO(_T:?SSUM (NOT VERIFIED BY RUNOUT).
v RUNOUT .001 TO -B-). 8 .KHH-.RHR - 8 HHH- KK
(XA 0005 [ R-B]
TOLERAIJCE ZONE ——
(2N 007 | A-B] gl

DRAWING MEANING & INSPECTION DIAGRAM

ALL READINGS=FIM (FULL INDICATOR MOVEMENT).

4
1

Al
Lo M
1

.0005 il
e

006 fj1)
i 1t
v
-I-FHbi
T |
~=TH |
L3R I
11 I

1 Il
181 1

[} R
i
131 1

1

il%

vV

AXIS A-B

/l-—J

2. A datum axis perpendicular
to a plane (primarily) and
then centered on a diameter.

;ijj_

= -

A [.005 [A-B]

3. Two datum features of
sufficient separation used
to construct a single datum.

limits. ic
2
DATUM/MODIFIER g
L
A datum axis must be specified o
with a Total Runout tolerance. ;
Applies RFS; only to both datums |
and features. <
u
®) is not applicable as a Vee © 4. A dawm diameter
Block and indicator check is | &  of sufficient length.
considered adequate. &
[
>
)
Q
8l
prd z A
Gz
o — -1 —
» <  s— | —
o i
ik
i (XA |.005 [ R] VERIFIES
FORM

VERIFIES
ORIENTATION

= — 4
VERIFIES FULL
LOCATION INDICATOR
MOVEMENT

(m) Total runout
FIGURE 16.31
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Part Four

PROCESSES AND DOCUMENTATION

SYMBOL

-

CONTROL OF
position of features

DRAWING
3x _©.50¢-.508

#0080 A |

Orientation=

Cylindrical Zones separated

by basic contain each axis
EXPLANATION

The axis (centerplane, elc.) of

the feature shail fie within the

tolerance zone (%) for the entire

fength of the feature.

Tolerance zones (located BASIC)

are lecated, relative to each other

on & ect grid pattern.

Pogitional Tol-

erance zones
.008 at MMC.
increases with
hole departure
from MMC.

{016 at .508)

Center of pattern on

LOCATIONAL TOLERANCE-POSITION
DRAWING SPECIFICATION

©.500-.508 &

.osn@ R
g.010@ A

&

%—

—

2.050 Pattern Tolerance Zones at MMC
Related to Datums A, B & C.

b—\:_C—] 2.008 Hole To Hole Tolerance at MMC.
(Patte—n is perfect geometry).
-—E:—-

1

[A]

A

%

—

Note: Hole to hole zone pattern may be localed anywhere
7 within Pattern Locating Zones-grignted to -A- only.

CCMPOSITE POSITIONAL CONTROL FRAME LAYOUT

Entire patiern ie located on the

part, together, ag & group of zon
positioned on & perfectly construc
ted grid. (The zones are perfectly|
related to one another).

SIZE RULE

Each individual feature shall be
perfect form at MMC.

DATUM/MODIFIER

@or@must be specified

for aii teatures and daturns of
size {not on singie plane surfaces).
Specified datums are highly
recommended. should be used
where {it is the primary consider
atien, for min. wail

or bearing area aiignment-not fit

e*..suo-?d——-

—

»

@ 4.00 center, at MMC (1.500)
BASIC of Datum. Pattern may
be offset (R} 1/2 of
datum departure from
MMC (.005R at 1.510).
HOLE TO HOLE POS. TOL. || Batum Pattern
Actual Hole | Aliowable [| Diameter } center
Size Positional Actual o?fset on
{Measured) | Tolerance Diameter
500 (MMC) ;_.C08 1.500 (MMC) ©
.502 .010 1.502 .002
504 012 1.504 .004
508 014 1.506 .006
.508 .016 1.508 .008
1.510 010

je-02.402 (virwal
Condition)

i

T

GAGE

24.020 BASIC

& )] .050@ A|BjCi(op aways pattern)
? 8.0100 Q {bottom aiways feature to feature)
N—(Tightest) mating interface orient
Feature {Pattern
HOLE TOHOLE POS. TOL. Diameter | iocating
Actual Hole { Allowable Actual Zgne&ze
Size Positional Diameter
{Measured) 1§ Tolerance 378 (MM(:Q .050
[ a75 mMCT| oic | (3785 ] 0808
378 012 378 053
380 01t 378 054
382 017 .383 .058
385 020 .385 .080
Positional tolorances increase

equal fc feature daparture
from MMC (smaliest hoie).

FLOATING FASTENER

FIXED Fasreusn/_zszs' -
SYSTEM P s 3

NOTE: FASTENER .250

oto: Projest &
over height of
2ing

8 SYSTEM
zg ¥
<-—
i i \\\ .375
L § N BOTH CASES
2 > Wi 4
:"2 o 256.25-3 25028 UNF 3B
5 i (/ G}‘ . Note: Sysiem Clearance = System Telsrance for p " e
,_g 192,006 a Line Fit {no clocarance/no intorferanco} preforred. '{531 GO |
G& .systom =.256-.250=.006 (part 1) 7 -Gystem = 766-.250-.006 (part 1)1:325 O]
& w Clearance +.25€-.250=.006 (part 2} é Clearance +.250-.280=.00C {part 2}

Systom Toisrance=.006+.006=.012 § «Systom Tolerance=.004+.002=.006
(n) position

Summary Fact Data Sheets—Continued



Chapter 16 GEOMETRIC DIMENSIONING AND TOLERANCING

SYMBOL
@ LOCATIONAL TOLERANCE

location Of 56 3xis of CONCENTRICITY

a feature o the axis of DRAWING SPECIFICATION
a datum i 2. XXX-. XXX

DRAWING

= _1F
= =i 1

@.XX-.XX @looalall

TOLERANCE ZONE
ot

Least Squares Axis (LSA)
frem avg. {pitch} dia.

MCC

Feature Axi

Datum
Maximum Inscribed-
Cylinder Axis (MIC).

Datum Axis
{cylindrical zone) -

EXPLANATION . ot

The axis of the feature shall be p

within a cylindrical zone (@1)
hich is colli to ¢ tur

:x;.: is collinear to the datum ‘ eature LSA

MIC

eature MCC (Min-

, ' ALTERNATIVE-BY Imum Circumscribed
The Least Squares Axes shall SPECIFICATION Cylinder} Axis.
fbe used unless ctherwise specified

SIZE RULE INSPECTION DIAGRAM

The feature {and datum) must be

within the specified size limits. LSA FOUND FROM LEAST SQUARES §1. THE ALTERNATIVE METHOD OF INSPECTION
(Rule 1 applies to each.) CENTERS AT VARIOUS CROSS FINDS THE AXIS OF A MALE FEATURE WITH A
SECTIONS. COMPARITOR, ADJUSTABLE RING {COLLETT)
N (OR BY CMM) AND THE INTERNAL BY USING
’xjg‘,_\ AN EXPANDING MANDREL, FIT PIN, COMPAR-
) ITOR (OR BY CMM OR ROUNDNESS MEASURING
Roundness MACHINE).
Measuring

Wachine or
CMNM with
Computer

DATUM/MODIFIER
Always appiies RFS;

@may be not be added as only
the axis of the feature and the
datum are involved and these
are not subject to variations
of size.

2. THIS METHOD IS INVOKED BY DIRECT
SPECIFICATION ON THE DRAWING SUCH AS:
"X."DETERMINE AXIS BY MIC (MAXIMUM
INSCRIBED CYLINDER)} METHOD.

\\,\'\\i Y

g LSA, RPM, |
) Fiter 50 N

gl

A datum (axis) must bo specified

in conjunction with concentricity; RECOMMENDED METHOD ALTERNATIVE
this is required even where the OF INSPECTION METHOD OF
datum would be obvious. INSPECTION

z

(=]

Bz '

E b

<

o

@ g g DRAWING

% @ g SMALLEST PERFECT CYLINDER CONTAINING BOTH AXES {-A- & -B-).
(=} >

252 3 N B S !

gz ——T‘ﬂ'__ el — F__T—Axss A-B

CONES AXIS A === !j_ - ,
MEANING 002 ZONE AXiS -B-

(o) Concentricity

FIGURE 16.31 Summary Fact Data Sheets—Continues
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(p) Conversion chart
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Chapter 16  GEOMETRIC DIMENSIONING AND TOLERANCING

form, and orientation. Profile tolerances are specified as
follows:

1. An appropriate view or section is drawn showing the
desired basic profile.

2. Depending on design requirements, the tolerance may be
divided bilaterally to both sides of the true profile or
applied unilaterally to either side of the true profile. If an
equal bilateral tolerance is intended, it is necessary to
show only the feature control frame, with a leader
directed to the surface. For a unilateral tolerance, phan-
tom lines are drawn parallel to the true profile to indicate
the line is extended to the feature control frame. If some
segments of the profile are controlled by a profile toler-
ance and other segments by individually toleranced di-
mensions, the extent of the profile tolerance must be
indicated.

16.7.1 Profile of 2 Line

A profile of a line tolerance specifies the limits of the
boundaries of individual line elements of a surface [Fig.
16.31(g)]. The tolerance zone is two dimensional. BASIC
dimensions define the true profile. The shape of the toler-
ance zone is two parallel boundaries offset above and below
the true profile.

16.7.2 Profile of a Suzrface

A profile of a surface tolerance specifies the limits of all
surface elements at the same time [Fig. 16.31(h)]. If the
surface is made up of one or more basic curves, arcs, straight
lines, or other shapes, all are described by BASIC dimen-
sions. Some segments of a surface may be controlled by
profile tolerancing and other segments by different toler-
ances. Reference letters serve to define the extent of a
controlled segment, such as FROM A TO B. Points A and B
are directed to the appropriate location on the surface. If the
relationship of features is to be zero at MMC, specify by
placing a O in the control frame or with a note, e.g.,
PERFECT ORIENTATION REQUIRED AT MMC. The ori-
entation tolerance may then be equal to or less than the
amount the feature deviates from MMC.

16.8 ORIENTRTION TOLERANCES

Orientation tolerances cover parallelism, perpendicularity,
and angularity. All require at least one datum specification.
Some, such as perpendicularity, may involve an additional
(secondary) datum. Orientation tolerances may employ ele-
ment controls rather than surface requirements, in which
case each element of each radial element is specified below the
feature control frame.

Angularity, parallelism, perpendicularity, and in some
instances profile are orientation tolerances applicable to

6039

related features. These tolerances control the orientation of
features to one another. They are sometimes referred to as
attitude tolerances. Relation to more than one datum
feature should be considered if required to stabilize the
tolerance zone in more than one direction. Note that
angularity, perpendicularity, and parallelism, when applied
to plane surfaces, control flatness if a flatness tolerance is not
specified. Tolerance zones require an axis, or all elements of
the surface, to fall within this zone.

16.8.F Angularity

Angularity is the condition in which a surface or an axis is
at a specific angle other than 90° from a datum plane or axis
[Fig. 16.31(i)]. An angularity tolerance specifies one of the
following:

A tolerance zone defined by two parallel planes at the
specified basic angle from a datum plane or axis within
which the surface of the considered feature must lie

A tolerance zone defined by two parallel planes at the
specified basic angle from a datum plane or axis within
which the axis the feature must lie

16.8.2 Perpendicularity

Perpendicularity is the condition in which a surface, center
plane, or axis is at a right angle to a datum plane or axis [Fig.
16.31(j)]. A perpendicularity tolerance specifies one of the
following:

A tolerance zone defined by two parallel planes perpen-
dicular to a datum plane or axis within which the surface
or center plane of the considered feature must lie

A tolerance zone defined by two parallel planes perpen-
dicular to a datum axis within which the axis of the
considered feature must lie

A cylindrical tolerance zone perpendicular to a datum
plane within which the axis of the considered feature
must lie

E A tolerance zone defined by two parallel lines perpen-
dicular to a datum plane or axis within which an element
of the surface must lie

16.8.3 Paralielism

Parallelism is the condition in which a surface or axis is
equidistant at all points from a datum plane or in which an
axis is equidistant along its length from a datum axis [Fig.
16.31(k)]. A parallelism tolerance specifies one of the
following:

A tolerance zone defined by two planes or lines parallel to
a datum plane or axis within which the line elements of
the surface or axis of the feature must lie

A cylindrical tolerance zone whose axis is parallel to a
datum axis within which the axis of the feature must lie
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16.9 RUNOUT TOLERANCES

A runout tolerance controls the functional relationship of
one or more features of a part to a datum axis. The types of
features controlled by runout tolerances include those sur-
faces constructed around a datum axis and those con-
structed at right angles to a datum axis.

Runout tolerances control the composite form, orienta-
tion, and position relative to a datum axis. Each feature must
be within its runout tolerance when the part is rotated about
the datum axis. The tolerance specified for a controlled
surface is the total tolerance, or full indicator movement
(FIM).

The two types of runout control are circular and total.
The type specified depends on design requirements and
manufacturing considerations. Circular runout is normally a
less complex requirement than total runout.

16.9.F Circular Runownt

Circular runout is the condition of a circular element on the
surface with respect to a fixed point during one complete
revolution of the part about the datum axis [Fig. 16.31(D].
Circular runout controls circular elements of a surface. The
tolerance is applied independently at any circular cross
section as the part is rotated 360°. If applied to surfaces
constructed around a datum axis, circular runout can con-
trol the cumulative variations of circularity and coaxiality. If
applied to surfaces at right angles to the datum axis, circular
runout controls circular elements of a plane surface (wobble).

16.9.2 Total Bunout

Total runout [Fig. 16.31(m)] is the condition of a surface
with respect to a perfect counterpart of itself, perfectly
oriented and positioned. The indicator is moved across the
feature, relative to the desired geometry, as the part is rotated
about the datum axis.

Total runout provides composite control of all surface
elements. The tolerance is applied simultaneously to all
circular and profile-measuring positions as the part is rotated
360°.

16.9.3 Position

Position is a total zone specification, such as a diameter or
total width centered on the basic location of the axis, center
plane, or center point of a feature, from the true position
with respect to datum(s) [Fig. 16.31(n)].

Locating a hole with rectangular coordinates and plus—
minus tolerances yields a square or rectangular zone. The
worst-case location for the axis of the mating features is at
the diagonal. Inscribing this square with a circle does not
change the mating relationship, but it does yield a 58%
greater area.

Another improvement in the positional tolerancing sys-
tem is the change from a “chain” (feature-to-feature) basis to
a “basic grid” system. Tolerance accumulations are therefore
avoided (Fig. 16.32). The grid for a pattern of zones is
perfect in all respects. The locations of each of these zones
are in perfect relationship to each other. A grid is established
by placing BASIC dimensions between the features. Figure

FEATURE LOCATION SPECIFICATIONS

/

14
fte NOM + NOM + NOM =2 NOM + NOM & —a~i
ACTUAL
FE@TUROE s
LOCATION
1L 1Lig 11iyd HEEED
1 ] it
(e NOM i NOM NOM NOM NOM
—”T + (TOL.) + - 4 + —
CONVENTIONAL TOLERANCING —CHAIN DIMENSIONING
(a) MEASUREMENTS BASED ON ACTUAL HOLE TO HOLE LOCATIONS
BASIC DIMENSIONS
\ Bl o]
1 ]
—_ L0 LI+
ACTUAL
FEATURE POSITIONAL
LocATioNs \ o | TOLERANCES
| BASIC GRID |
XD D fa..) Paay e Jar |
B % Jé AN 1Y%y A P
L S N R -

FIGURE 16.32
Conventional Chain Versus

.y . POSITIONAL TOLERANCING-GRID DIMENSIONS
the Positional Grid System (b)

MEASUREMENTS BASED ON A TRUE GRID (POSITION)
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SAEIC DIMENSIONS IN
PCLAR COORDINATES

(b)
[13]

- I b

BASIC DIMENSIONS IN RECTANGULAR COORDINATES

9.19 .L,::! ENE|

(c)

—9.19

NOTE: UNTOLERANCED DISENSIONS LOCATING TRUE POSITION ARE BASIC,

BASIC DIMENSIONS IDENTIFIED BY A NOTE.

FIGURE 16.33 Identifying Basic Dimensions

16.33 shows examples of how to identify basic dimensions
for patterns.

16.9.4 Positionzl Patterns

Figure 16.34 shows how patterns are located on parts. The
preference is for composite positional tolerancing, as shown
in the figure. The use of plus—minus dimensions to locate a
pattern is not recommended.

16.10 LIMITS OF Siz€

The limits of size of a feature describe the extent within
which variations of geometric form are allowed. Where only
a size tolerance is specified, the limits of size of an individual
feature describe the extent to which variations in its geomet-
ric form, as well as size, are allowed.

The actual size of an individual feature at any cross
section must be within the specified tolerance of size. The

form of an individual feature is controlled by its limits of
size.

The surface or surfaces of a feature must not extend
beyond a boundary of perfect form at MMC. This boundary
is the true geometric form represented by the drawing. No
variation in form is permitted if the feature is produced at its
MMC limit of size. Where the actual size of a feature has
departed from MMC toward LMC, a variation in form is
allowed equal to the amount of such departure. There is no
requirement for a boundary of perfect form at LMC. Thus, a
feature produced at its LMC limit of size is permitted to vary
from true form to the maximum variation allowed by the
boundary of perfect form at MMC. The control of geometric
form by limits of size does not apply to the following:

e Stock such as bars, sheets, tubing, structural shapes, and
other items produced to established industry or govern-
ment standards that prescribe limits for straightness,
flatness, or other geometric characteristics

2 Parts subject to free state variation in the unrestrained
condition
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FIGURE 16.34 Composite (a) Whole patterns
Positional Tolerance to Datum

Reference Frame 4x @ 248 - 255

@.030 M[A]B]C]
@ .010 (W| A

6 X @ .400 - .410

030 M| A|B|C
{B@.OW@A =

2.000 m

(b) Square patterns

.010 diameter at MMC / 030 diameter at MMC

ntrapattern tol pattern-locating zone
Intrapattern tolerance (4 zones, basically related
zones (4 zones, basically

related to each other) ;? ed c?;[ﬂcn?lly oriented to

Feature axes must —
simultaneously lie
within both toler-
ance zones

(c) Circular patterns

.030 diameter at MMC pattern-locating tolerance
zone (6 zones, equally spaced, basically oriented to
the datums) and basically related to each other

Feature axes must simultaneously
2_000] lie within both tolerance zones

.010 diameter at MMC intrapattern
tolerance zones (6 zones, basically
related to each other)
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The limits of size do not control the orientation or
location relationship among individual features. Features
shown perpendicular, coaxial, or symmetrical to each other
must be controlled for location or orientation. If it is
necessary to establish a boundary of perfect form at MMC to
control the relationship between features, use the following;

1. Specify a zero tolerance of orientation at MMC, including
a datum reference (at MMC, if applicable), to control the
angularity, perpendicularity, or parallelism of the feature.

2. Specify a zero positional tolerance at MMC, including a
datum reference at MMC, to control coaxial or symmetri-
cal features.

3. Indicate this control for the features involved with a note
such as

PERFECT ORIENTATION (or COAXIALITY or
SYMMETRY) AT MMC REQUIRED FOR RELATED
FEATURES.

4. Relate dimensions to a datum reference frame.

16.10.1 ESO Imterpretation of Limits of Size

Where datums are specified in the ISO system, measure-
ments are taken from the datums and made relative to them.
Where datums are not specified, linear dimensions are
intended to apply on a point-to-point basis or directly
between the points indicated on the drawing. Unfortunately,
caliper measurements float relative to one another and the
exact shape is not known (Fig. 16.35). If the configuration is
controlled, a form tolerance such as straightness or flatness
is given.

Additionally, the direction of measurement can be a
problem for a geometry that is not ideal. In Figure 16.36, the

FIGURE 16.35 Caliper Measurements Do Not Measure
Form. lllustration shows a cylindrical part.

w2\ i
[ —\J// RS el ?l\
[

A

FIGURE 16.36 Measuring Orientation for Caliper
Measurement. Illustration shows a rectangular part.
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FIGURE 16.37 Measuring Thin Parts

vertical measurements are not perpendicular to the horizon-
tal ones. If the sides of a part are not parallel, finding the
center plane to orient measurements is another problem.

For thin parts, the rule changes to taking measurements
parallel to the base (Fig. 16.37). Furthermore, to make this
system work, a rule of independence was devised:

Every requirement on a drawing is intended to be
applied independently, without reference to other

dimensions, conditions, or characteristics, unless a
particular relationship is specified.

This rule is voided, however, when “limits and fits” are
specified, in which case the Taylor principle applies (the
basis of ANSI). Rule 1 of the ANSI standard regarding limits
of size follows:

Rule 1: The surface(s) of a feature shall not extend
beyond a boundary (envelope) of perfect form at MMC.
This boundary is the true geometric form represented
by the drawing. There is no requirement for a boundary
of perfect form at LMC (Fig. 16.38).

Rule 1 does not apply to stock materials that use estab-
lished industry or government standards; to parts specified
in the “free state” (nonrigid); and to those specifically
excluded, such as straightness of the axis or where the note
PERFECT FORM AT MMC NOT REQUIRED is specified.
Rule 1 does apply to individual features and, although they
control the form of an individual feature of size, they do not
control the orientation, location, or runout of features to
each other. These relationships are defined by tolerances,
notes, or other specifications called out directly on the
drawing.

Advances in metrology—especially with computerized
mathematical models and algorithms such as on coordinate
measuring machines (CMMs)—lend themselves to the ANSI
version of limits of size. A ring gage made to the MMC size
of a shaft, and as long as the shaft, can verify a shaft for Rule
1 compliance. A micrometer or caliper can verify the IMC
limit. A plug gage, made to the MMC size of a hole, and as
long as the hole, can verify a hole for Rule 1 compliance. An
inside micrometer or caliper is used to verify the LMC limit.

16.10.2 U.S. Interpretation of Limits of Size

In the United States, the limits of size of a feature describe
the extent within which variations of geometric form, as well
as size, are allowed. This control applies solely to individual
features of size. Feature of size refers to one cylindrical or
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FIGURE 16.38 Limits of (a)
Size Interpretation for

@ .500 + .006

Individual Features

e - AS DRAWN

MMC BOUNDARY OF

| *
¢ OF MIN CIRCUMSCRIBING CYLINDER PERFECT FORM

OR LEAST SQUARES AXIS

- - |

2 - i -
7
\T — /‘ R N ‘
ACTUAL MCCy
FEATURE MINIMUM CIRCUMSCRIBING
CYLINDER OR MINIMUM
CYLINDER ABOUT LEAST
SQUARES AXIS
>LMC FOR
ANY DIAMETRAL
MEASUREMENT

N
WITHIN LIMITS OF ——/ =
SIZE, ANY DIAMETRAL

MMC BOUNDARY

v

MEASUREMENT

*Where a preference for a least squares or ¢ of envelope axis exists, it must be specified on the drawing.

spherical surface, or to a set of two plane parallel surfaces
each of which is associated with a size dimension. Where
only a tolerance of size is specified, the limits of size of an
individual feature describe the extent to which variations in
its geometric form, as well as size, are allowed (Fig. 16.39).
The actual size of an individual feature at any cross section
is within the specified tolerance of size.

16.11 GENERAL TOLERANCING
RULES

Rules have been established to ensure uniform interpretation
and to avoid costly errors and misunderstandings. Study the
following six rules carefully.

The system of indicating tolerances (whether size, loca-
tion, or geometry) does not necessarily require any
particular method of production or quality.

Regardless of the number of places involved, all toleranced

limits are considered to be absolute. Each limit is consid-
ered to be continued with trailing zeros. For example:

122 = 1.220000 000 . ..

120 = 1.200000000. ..

12 = 1.200000000...

1.0 = 1.000000000...
120+ .02 = 1.220000 000 . ..
120 —.00 = 1.200000000...

This rule applies to all limits (plus-minus or limit
dimensioned), including those where title block toler-
ances are applied.

& All dimensions and tolerances are at 68°F (20°C) unless

otherwise specified.

e Surfaces drawn at 90° are subject to the title block

tolerance specified for angles or by a note, such as
PERFECT ORIENTATION REQUIRED AT MMC.

This rule also applies to features that have a common
centerline or axis of revolution. Where function or inter-
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494
(LMC)

FIGURE 16.38 Limits of
Size Interpretation for
Individual Features—
Continued

—
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(b) (c)
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changeability is affected, the tolerances are to be speci-
fied.

& Theoretical constructions such as centerlines or planes,
shown at right angles, and from which features such as
holes or pins are dimensioned, are considered to be at
90° BASIC. Variations in the inspection setup are sub-
tracted from the allowable tolerances during the verifica-
tion process.

# The tolerance specified on the drawing is the total
amount allowable, including manufacturing, inspection,
and gaging variations. To ensure rapid part acceptance,
manufacturing usually does not use more than 90° of the
available tolerance.

(9)

MMC

LmC

16.11.F General Rules of Geometric

Tolerancing

Use the following rules to apply geometric tolerancing to a
part.

&)

The surface(s) of a feature must not extend beyond a
boundary (envelope) of perfect form at MMC. There is no
requirement for a boundary of perfect form at LMC.
Position tolerance requirements for modifiers are speci-
fied in the feature control frame. A modifier, M or L, is
specified after the feature tolerance and after each datum
for features and datums of size. No modifier is specified
for a single-plane surface.
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(@) THIS ON THE DRAWING

N
N
N

N

Requirements for modifiers of tolerances other than
position are specified in the feature control frame. RFS
applies, unless another modifier is specified, for all
features and datums. The RFS modifier is not shown in
the feature control frame. MMC is specified for features
and datums of size where the design allows.

|
!
FIGURE 16.39 Tolerance |
Variations Allowed for I
Individual Features

(a) Unilateral tolerancing

24 -8.2

-
-«
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(b) Bilateral tolerancing

26202 ———

26°18't0°4!

IGURE 16.40 Plus-or-Minus Tolerancing on Dimensions

(b) ALLOWS THIS

om0 22,

16.11.2 Setting Tolerances

The nominal size is often referred to as the basic size or
design size. The nominal and the associated tolerances have
the same number of decimal places, except in the metric
system. The “plus” value is shown above the “minus” value.
European drawings also use +, + and -, and - tolerances.

In bilateral tolerancing [Fig. 16.40(b)], the tolerance is
applied in both directions from the nominal:

1.200 +.002
-.005

500 +.005 or

In unilateral tolerancing [Fig. 16.40(a)], the tolerance is
applied in one direction; the other value is zero:

1.200 + .002 1.200 + .000
-.000 -.006

£6.11.3 Limit Dimensioning

In limit dimensioning, the maximum value is placed above
the minimum value (Fig. 16.41). In note form, the larger
value is placed to the right of the lesser value, separated by
a dash. Both limits have the same number of decimal places:

7500 or 748~ 750
748

Even values are preferred. Although there is usually a trailing
zero, the number of decimal places is minimized. Plus-or-
minus and limit dimensions may appear on the same
drawing. Generally, limit dimensions specify the size of
features, and plus-or-minus dimensions specify the location
of features. Plus-or-minus dimensions, in bilateral form, are
preferred for numerical control production, where the mean
is used.

16.11.4 Title Block Tolerances

Title block tolerances are used where there is a uniformity
in tolerances (Fig. 16.42). In Figure 16.43, the nominal
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FIGURE 16.41

Limit Dimensioning on Drawings

dimension is given alone on the face of the drawing and a
bilateral tolerance is shown in the title block. If larger
tolerances are allowed for a particular feature, they should
be specified. In European title blocks, tolerances are based
on feature size; in the United States they are based on the
number of decimal places specified (Fig. 16.43).
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FIGURE 16.43 Application of Title Block Tolerance

16.11.5 Tolerance Accumulation

Figure 16.44 compares the tolerance values from three
methods of dimensioning.

Chain dimensioning The maximum variation between two
features is equal to the tolerances on the intermediate

UNLESS OTHERWISE SPECIFIED ITEM | QTY | PART NO. DESCRIPN\
DIMENSIONS ARE IN INCHES BY DATE
TOLERANCES DR D. FERRARI | 0-15-02 B E C K
X e ANGULAR +0° 30° CHK
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KXXN £.001 8
x4 ENGR
MACH. SURF. C U P L
INTERNAL THD HEIGHT S5% MIN
THREADS: CLASS 2A OR 2B
REMOVE BURRS AND SHARP EDGES .020 MAX
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FIGURE 16.42 Title Block
Tolerances
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X
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(a) Chain dimensioning—greatest tolerance
accumulation between X and Y

|l 38%0.05 ———
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accumulation between X and Y
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(c) Direct dimensioning—least tolerance
between X and Y

*IGURE 16.44 Tolerance Accumulations

listances. This method results in the greatest tolerance
iccumulation. In Figure 16.44(a), the tolerance accumulation
»etween surfaces X and Y is +.15.

saseline dimensioning The maximum variation between two
eatures is equal to the sum of the tolerances on the two
limensions from their origin to the features. This reduces
he tolerance accumulation. In Figure 16.44(b), the toler-
nce accumulation between surfaces X and Y is +.1.

direct dimensioning  The maximum variation between two
eatures is controlled by the tolerance on the dimension

(a) THES ON THE DRAWING

10.1 19.5
9.9

oA
A B

(b) MEANS THIS

* o —1
24 (N i_'l _{o.oz
QH !

BASIC RADIAL :
DIAMETER n TOLERANCE
v . ZONE
——
9.9 —fe> 0.2

FIGURE 16.45 Specifying a Basic Taper and a Basic
Diameter

between the features. This results in the least tolerance. In
Figure 16.44(c), the tolerance between surfaces X and Y is
+.05.

16.11.6 Tolerances for Flat and Conical
Tapers

Taper is defined as the ratio of the difference between the
diameters of two sections, perpendicular to the axis of a
cone, to the distance between these sections. A conical
taper is specified by one of the following methods:

A basic taper and a basic diameter (Fig. 16.45)

A size tolerance combined with a profile of a surface
tolerance applied to the taper

& A toleranced diameter at both ends, or a taper and a
toleranced length

A flat taper is defined by specifying a toleranced slope and
a toleranced height at one end (Fig. 16.46). Slope is defined
as the inclination of a surface expressed as a ratio of the
difference between the heights at each end, above and at
right angles to a baseline, to the distance between those
heights. Flat and conical tapers are toleranced as shown in
Figure 16.47.
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0.15%20.015:1

50.5 l
50.0

FIGURE 16.46 Slope Designation on a Drawing

£6.11.7 Single Limits: Min and Max

The unspecified limit in minimum dimensions (the maxi-
mum limit) approaches infinity. Therefore overall lengths are
not specified as minimum. The unspecified value in maxi-
mum dimensions (the minimum limit) approaches zero.

16.11.8 Reference Dimensions

Reference dimensions, as discussed in Chapter 15, are
specified by enclosing the dimension in parentheses, e.g.,
(.500). No tolerance is given. Reference dimensions are not
intended to govern production or inspection; that is, they
are informational, not controlling.
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16.11.9 Functional Dimensions

Tolerances accumulate (Fig. 16.44). An example of how to
control this situation is shown for a firing pin in Figure
16.48. The most important function of the firing pin is to
project far enough to detonate the primer, but not far
enough to pierce the primer. Also, the point must be fully
below the bolt face, in the retracted position, to prevent
premature detonation in the cartridge. This function is
controlled by dimension A, a direct dimension from the
point face to the interface with the bolt in the full forward
position. Dimension B is established similarly. Dimensions
that affect function should be dimensioned directly to avoid
tolerance accumulation. Conversely, dimension C; was re-
placed by (C) during a producibility team review. This
dimension must be long enough so that the hammer will
drive the pin to its full forward position; but the length is
not critical, since the pin has plenty of overtravel. Dimen-
sion (C), for ease of manufacture, was taken to the end of the
spherical surface that is contacted by the hammer. The
tapered section doesn't have to be accurate, but it must be
located. This is accomplished by dimension D.

16.11.10 Nommandatory Dimensions

If practical, the finished part is defined without specifying
the manufacturing method. For example, the diameter of a
hole is given without indicating whether it should be drilled,
reamed, punched, or made by any other operation. If
manufacturing, processing, verification, or environmental

SPECIFICATION MEANING
I“5*""l 36° % 2°
1.4-16 > 10 )
r‘
20 % .01 =
I ~\\\ \\\ .l. ‘
7 ———
6 \\?rzﬁ_t_ 01
* TOL. ZONE
1.0 %1 25 (= .5 ONDIA.}
]
— @ .3BASIC
FIGURE 16.47 Flat and
Conical Taper Tolerance Zones
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(a) Firing pin (b) Firing pin assembly

b—ﬁl ) // << Pk
e

—
Py E./ 7, %, 2

FIGURE 16.48 Functional Dimensioning: Firing Pin
Assembly

information is essential to the definition, it is specified on
the drawing. The affected dimensions are identified as
NONMANDATORY (MFG DATA). This allows improved
or superior methods to be used at the discretion of the
manufacturing or quality-control departments.

16.11.11 Coordination, Interface Comntrol,
and Correlation Dimensions/
Tolerances

On large projects or programs, dimensions and tolerances
are agreed on by all parties. A coordination drawing has
agreement on function, mating, shipping, equipment re-
moval, etc. These dimensions are then “flagged” on the
hardware drawings. This protects the design from inadvert-
ent changes. Interface-control and correlation drawings are
handled the same way. The only difference is that coordina-
tion drawings are prepared for the total system, whereas
correlation and interface-control drawings are prepared for
major subsystems. Dimensions on these drawings are
flagged to be in compliance with the coordination drawings.

16.12 LIMITS AND FITS

Production and inspection benefit from standard limits.
ANSI B4.2 and ISO 286 describe these systems. The ISO
system has more than 500 possible tolerance zones for holes
and shafts; ANSI has about 150. Many products can be
standardized via the system of limits and fits: drills, reamers,

clevis pins, bushings, keys, keyways, gages, and bolts.
Renard preferred numbers are used in the metric system
with limits and fits to maximize standardization. The tables
presented are not restricted to the preferred numbers. Sizes
in design are often determined by factors other than cost,
such as mechanical and thermal stress, and weight.

There are three types of fits: clearance, where there is
always clearance; transition, where there may be clearance
or interference; and interference, where there is always
interference (Fig. 16.49). The Taylor principle is applied to
limits and fits; that is, each individual feature is in perfect
form at MMC.

Limits and directly applied tolerance values are specified
as follows:

Limit dimensioning  The high limit (maximum value) is
placed above the low limit (minimum value). When ex-
pressed in a single line, the low limit precedes the high limit
and a dash separates the two values.

Plus-or-minus tolcrancing  The dimension is given first and is
followed by a plus-or-minus expression of tolerance.

£16.12.1 Single Limits

For single limits, MIN or MAX is placed after a dimension
where other elements of the design definitely determine the
other unspecified limit (depth of holes, length of threads,
corner radii, chamfers, etc.). Single limits are used where the
intent is clear and the unspecified limit can be zero or can
approach infinity without interfering with the designed
function of the part.

£16.12.2 Tolerance Expression

The conventions regarding the number of decimal places
carried are different for metric and inch drawings. For
millimeter dimensions use the following rules.

For unilateral tolerancing, when either the plus or the
minus value is nil, a single zero is shown without a plus or
a minus sign:

Example:

0 +.02

32 — 0 or 32 0

With bilateral tolerancing, both the plus and the minus

Minimum —~— Interference —f——Minimum
clearance or interference
l — ’-— clearance

1

I : ]

l I f |
i i i

i

I

i

JIGURE 16.49 Basic Types of Fits

(a) Clearance fit

(b) Transition fit (c) Interference fit
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values have the same number of decimal places, using zeros
where necessary:

Example:
+.25 +.25
32 -10 not 32_.1

Where limit dimensioning is used and either the maxi-
mum or minimum value has digits following a decimal
point, the other value has zeros:

Example:
2545 2545
25.00 25

For inch dimensions, both limit dimensions, or the
plus-or-minus tolerance and its dimension, are expressed
with the same number of decimal places:

Examples:

5 +.005 not .50 +.005
+.005 not +.005
-.000 0

25.0+ .2 not 25+ .2

16.12.2 Preferred Metric Fits

For metric application of limits and fits, the tolerance may
be indicated by a basic size and tolerance symbol. See ANSI
B4.2 for complete information on this system. The preferred
metric fits are defined as follows:

Loose Running (H1lc11) Suitable for wide commercial tol-
erances or allowances on external members

Free running (H9/d9) Not suitable for use where accuracy is
essential, but good for large temperature variations, high
running speeds, or heavy journal pressures

Close running (H8/f7) Suitable for running on accurate
machines and for accurate location at moderate speeds and
journal pressures

Sliding fit (H7/¢6) Not intended to run freely, but to move
and turn freely and to locate accurately

Locational clearance (H7/h6) Provides snug fit for locating
stationary parts, but can be freely assembled and disas-
sembled

Locational transition (H7/k6)  Suitable for accurate location;
a compromise between clearance and interference

Locational transition (H7/n6) For more accurate location
where greater interference is permissible

Locational intcrference (H7/p6)  Suitable for parts requiring
rigidity and alignment, with prime accuracy of location but
without special bore pressure required

Medium drive (H7/s6)  Suitable for ordinary steel parts or for
shrink fits on light sections; tightest fit usable with cast iron
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Force fit (H7/u6) Suitable for parts that may be highly
stressed or for shrink fits where the heavy pressing forces
required may be impractical

}16012.74 Preferred Imch Fits

There are three general groups of fits: running and sliding
fits, locational fits, and force fits. Running and sliding fits
provide similar running performance, with a suitable lubri-
cation allowance, throughout the range of sizes. The first ten
preferences for inch fits are as follows: RC 4, RC 7,RC 9, LC
2, LC 5, LT3, LT6, LN 2, FN2, and FN4. Running and
sliding fits are defined as follows:

RC 1 Close sliding fits are intended for the accurate
location of parts that must be assembled without perceptible

play.

RC 2 Sliding fits are intended for accurate location, but
with greater maximum clearance than class RC 1. Parts made
to this fit move and turn easily, but are not intended to run
freely; in the larger sizes, they may seize with small tempera-
ture changes.

RC 3 Precision running fits are about the closest fits that
can be expected to run freely, and they are intended for
precision work at slow speeds and light journal pressures,
but are not suitable where appreciable temperature differ-
ences are likely to be encountered.

RC 4 Close running fits are intended chiefly for running
fits on accurate machinery with moderate surface speeds and
journal pressures, where accurate location and minimum
play are desired.

RC 5 and RC 6 Medium running fits are intended for
higher running speeds, or heavy journal pressures, or both.

RC7 Free running fits are intended for use where accuracy
is not essential, or where large temperature variations are
likely to be encountered, or under both these conditions.

RC 8 and RC 9 Loose running fits are intended for use
where wide commercial tolerances may be necessary, to-
gether with an allowance, on the external member.

i16.12.5 Locational Fits

Locational fits are intended to determine only the location
of the mating parts; they may provide rigid or accurate
location, as with interference fits, or provide some freedom
of location, as with clearance fits. They are divided into three
groups: clearance fits (LC), transition fits (LT), and
interference fits (LN).

LC Locational clearance fits are intended for parts that are
usually stationary but that can be freely assembled or
disassembled. They range from snug fits for parts requiring
accuracy of location, through the medium-clearance fits for
parts such as spigots, to the looser fastener fits where
freedom of assembly is the prime consideration.
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Applying Parametric Design . . .

o SRR R B R R R SRR R B o B R B o R R R R S R R S SR S R R S Y

lected dimensions. Default tolerance values are used at the
moment you start to create a model (zee Fig. D), therefore,
default tolerances must be set prior to creating geometry. The
system recognizes six decimal places for which vou can specify
the tolerance values. When you start to create a pant (see Fig.
E), the table at the bottom of the winduow will display the
current defaults for tolerances (Fig F) H vou have not
specified tolerances, the system defaults are assumed, and the

The manudacturing of parts and assemblies requires a degree of
precision determined by tolerances. A typical parametric
design systeam supports thiee types of tolerances:

& Dimensional olerancing specihes allowable variation of

siz e Fig A)
#  Geometric tolerancing controls form, profile. orientation,
and runout 5.00 ’:'gg
& Swrface fmish wolerancing contols the deviation of a part Modify upper ~~_ Modify lower
surface from s normal value tolerance to ~.? ~_tolerance to —.02
When you design a part. vou specity  dimensional \\
wilcrance —allowable variations in size. All dimensions are 5.00 :g; 5.00 :82
conmtrolled by tolerances. The exception applics only w “basic” i i

dimensions. which for the purpose of reference are considered FiGUEE ¢ Modifying Upper and Lower Tolerance
to he exact (see Fig. B). The radius value i this example was Values

changed from a “limits” format to “basic ™ You may aleo modify

the upper or fower tolerance value (see Fig O). Dimensional

tolerances on a drawing can be expressed m two forms:

Asz general tolerances—presented i a whrance table
These apply w0 those dimensions that are displaved
nominal fonnat, that is, without tolerances,

Az individual tolerances-specified for individual dimen-
SIS,

You can use general tolerances given as defandts in a table or
set individual tolerances by modifying default vahies of se

Upper dimension

) boundary
\ Lower dimension

@ boundary

Nominal dimension

4001

140.22 501

Dimensional Tolerance

251

R 249 Dimension in
" "limits" format
Diam.

R .25 | Dimension after
¢ Diam. | becoming basic

Limits Dimension and Basic Dimension EEGLERE
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table wi
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FisbiRE | Part with Dimensions Set as Basic

DTH3-

=0
150
Pros

The availahle tolerance formats are (Fig, 1)

Normal  Diensions are displaved without tolerances
Limits  Tolerances are displayed as upper and Tower Ihnits.
Plus-Minus  Tolerances are displaved as nominal with phis-

or-minus okerance. The positive and negative vahues are
mdependent.

sSymmetric  Tolerances are displaved az nominal, with a
single value for both the posiive and the negative tolerances.

Geometric tolerances provide a method for connolling the
wation, form, profile, orentanon, and ranou of features (e
ig K. You are able 1o add geomeuie tolerances to the model

1 5.23 H 3% \

Nominal Limits

+0.01
.<—5.23 _Omv*’ l~5.23 + 0.01j

Plus/Minus + Symmetric

GHRE | Tolerance Formats

from drawing mode. The geomenic tolerances are treated by the
svatem as annotations, and they are alwayvs assoctated with the
model. Unlike dimensional tolcrances, geometric leranes do not
have any cffect on part geometry

When adding a geometric telerance 1o the model. yvou can
attach it o existing dimensions, edges, o1 exasting geometyic tol-
erances (Mg L)Y or you can daplay it as a note withow a leader.

Before vont can reference a datom (see Figs. D1 seaquence} in
a geometric tolerance. vou must first indicate vour attention by
“setting” the datum Opce a datum 15 ser the datum name is
prefised and appended by byphens, and it 15 enclosed m a
rectangle (see Fig. ) You can change the name of a dano enher
before or atter it hag been “ser” by using the Name ttem on the
SET LR menuw in Part mode. You can choose any datum feature as
a veference datum for a geomenic wolerance; the system will wam
vou i you pick an nappropriate datum, but your selection will
be accepted To set a reference datom

I Choose Set Datm from the GEOM TOL menu
Z.oselect the datum plane or axis to be set.
A The danum s enclosed in g feanee control frame (Fig. MY

A geomeic tolerance Jor individual feanues is specified by
means of a feature comtrol frame (a rectangle) divided into
compartments containing the geometric tolerance symbol ol
tfowed by the wlerance value (see Fige M), Where applicable. the
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# Straightness §

Set Datum
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&
Flatness -
' Circularity §
# Cylindricity:

Basic Dim
Inspect Dim
Specify Tol
Clear

Make Target &
Done/Return :

RS

%
%

%Bllateral .
gUnllateral

Ao

Angu l'ar ity

#Form
“profile . Perp
fOrlentatlon - Parallelism

% Location

# Runout

5000 (RS SRS S A

i
o
5
i
%

Position

Concentric.
: CompPattern
 CompCoaxial
Symmetrlc

SRR

,Clrcular
' Total

IBE L Displaying Geometric
Tolerance with a Leader

wolerance is followed by 3 material condition symbol.

Where a geomenc tolerance s elated 1o g daban, the

danm pame 13 placed in 2 compartment follawing the

silue. Where apphicable, the daom velerenee letter 13
followed by a material condition symbol

Por each class of tolerance, the types of tolerances avaikable
and the appropriate types of entities can be referenved taee Pig
NI The available material condinon symbols are also shown i
Figure K

The sys

you i butlding a seometic tolerance by
ce ol miovmation You respond by making
menu choices, entering 1 tolerance vahie, and sefecting entitics
and datums Gee Pig, 00, As the tolerance 15 nnl, the choices aw
hmited 10 those nems that make sense o the contesr of the
mformation. you have already prnaded. For csample. i the

WngndW“

J

requesting €ach pi

D400 [ e ¢

¥[8 |

gQuerySel
%Unsel Last
§Un3e1 Item
#Done Sel

§Qu1t Sel g

N&&Wﬁ?‘&i%ﬁ%:‘w&‘“mf

o
. S
SR ’Nﬁﬁ*@

g RES
gRFS/Default

&Wmmkb@mw&

e
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FIGLRE M Class, Type,
Symbol, and Material ype il .
Condition : " G B : e
Form T Surface of revolution, axis, straight edge
latiiess L7 Plane sttface (not datum plane)
Citelarty | () Cylinder, cone, sphere
Cylindricity LY Cylindrival surface
Profile e /"N | Ekdge
Surface ' fiy Surface (hot datum plane)
Otlentation | Angutarity a Plane, surface, axis
 Parallefism M Cylindiical surtace, axis, planat surface
Perpendiculaiity : Cylindricat surface, axis, planar surtace
Runout - Ulrentar A Cone, cylinder, sphere, plane
Total il Cone, cylinder, spheie, plane
location | Position & Any
Concentricity @ Axis, sutface of revolution
Symmetry : i Any
LMC { | condition
MMC | o erial condit
geomettic charvacteristic is one that does not require a datom made o help prevent mistakes m the selection of entities and
eference, you will not be prompted for ome  Other checks are datums.

Muoditying material condition

Matl cond, Secondary e
Matl cond, Primary = :
Mat! cond, Tolerance - >

Modffy? Value .2\,

Maditying datum reference

Datum ref, Primary -
Datum ref, Secondary 0 o :
Datum ret, Tertiary - =

Moditying material condition

Matl cond, Primaty, Second o
Maﬂ (.'Qnd; anary, HIST .......... R, e e, &3

HGUEE & Building a Geometric Tolerance
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LT Locational transition fits are a compromise between
clearance and interference fits, for applications where accu-
racy of location is important but either a small amount of
clearance or interference is permissible.

LN Locational interference fits are used where accuracy of
location is of prime importance and for parts requiring
rigidity and alignment with no special requirements for bore
pressure. Such fits are not intended for parts designed to
transmit frictional loads (these are covered by force fits).

16.12.6 Force or Shrink Fits

Force or shrink fits are a special type of interference fit,
normally characterized by maintenance of constant bore
pressures throughout the range of sizes. The interference
varies almost directly with diameter, and the difference
between its minimum and maximum values is small, to
maintain the resulting pressures within reasonable limits.

FN 1 Light drive fits are those requiring light assembly

627

pressures, and they produce more or less permanent assem-
blies. They are suitable for thin sections or long fits, or in
cast-iron external members.

FN 2 Medium drive fits are suitable for ordinary steel parts
or for shrink fits on light sections. They are the tightest fits
that can be used with high-grade cast-iron external mem-
bers.

FN 3 Heavy drive fits are suitable for heavier steel parts or
for shrink fits in medium sections.

FN 4 and FN' 5 Force fits are suitable for parts that can be
highly stressed or for shrink fits where the heavy pressing
forces required are impractical.

16.12.7 Preferred Tolerance Zomnes

A profile tolerance may be applied to an entire surface or to
individual profiles taken at various cross sections through
the part. Preferred tolerance zones are shown in Figure
16.50.

Preferred hole tolerance zones H1 JS1
H2 JS2
H3 JS3
H4 154
' JS5 K5 M5 N5 P5 R5 S5 T5 U5 V5
H6§J6 JS6 M6 N6 P6 R6 S6 T6 {__U_G_ V6
D7 E7 17) 17 | 157 @ M7 (N7 XP7D) R7 GD 17 QD v7
C8 D8 | E8 H&] J8 | JS8 K8 M8 N8 P8 R8 S8 T8 U8 V8
A9 B9 C9 (19) E9 G9 (193] JS9 K9 M9 N9 P9 R9 S9 T9 U9 V9
A10 B10 C10{ D10 E10 G10:H1O JS10 K10 M10 N10 P10 R10 S10 T10 U10 V10
'A11 B11 €1DD11/E11 F11 511
A12 B12 C12 D12 E12 H12 JS12
A13 B13 C13 H13 JS13
A14 B14 H14 1514 1. First choice zones are ellipsed
H15 1515 2. Second choice zones framed
'H16 1516 3. Third choice zones open
Preferred shaft tolerance zones h1 is1
h2 js2
h3 js3
g4 h4 4 k4 m4d nd pd 4 4 t4 ud v4
f5 195 h5|j5 |js5 k5 m5 n5 p5 r5 s5 t5 [u5 V5
e6 | f6 (g6 X06) j6 | js6 (k6D m6 6 t6 v6
d7 [e7 (7)) g7 @17 js7 k7 m7 n7 p7 (7 s7T 7 ul|v7
8 [ d8 e8 f8 98 h8 8 k8 m8 n8 p8 8 s8 t8 u8 8
a9 b9 9 ([ e9 |f h9 9 k9 m9 n9 p9 r9 s9 9 u9 V9
al0 b10 c10/d10}el10 f10 h10 js10
lal1 b11 C1)d11 el js11
al2 b12 c12 di12 h12 js12
al3 bi13 c13 h13 js13 ) )
al4 bla h14 is14 1. First choice zones are ellipsed
h15 is15 2. Second choice zones framed
'h16 is16 3. Third choice zones open

FIGURE 16.50 Preferred
(Standardized) Tolerance Zones
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A positional tolerance defines a zone within which the
center, axis, or center plane of a feature of size is permitted
to vary from true position. Basic dimensions establish the
true position from specified datum features and between
interrelated features. A positional tolerance is indicated by
the position symbol, a tolerance, and appropriate datum
references placed in a feature control frame.

16.12.8 Metric Preferred Sizes

Metric preferred sizes are based on the Renard series of
preferred numbers. The first choice is rounded from the R10
series, where succeeding numbers each increase by 25%.
The second choice is rounded from the R20 series, which
aas 12% increments. The rationale for first-choice sizes is
‘he selection of every second number in the series, such as 1,
1.6, 2.5. This series is rounded from the R5 series of
oreferred numbers, in which the increments are 60%.
Preferred sizes from 1 to 300 are given in metric (Table 16.2)
ind .01 to 20.00 in inches (Table 16.3). The hole basis
system is the preferred system for selecting standard tools
ind gages.

i16.12.9 Standardized Tolerances

standardized metric tolerances are given in Table 16.4.
nternational tolerance (IT) grade values are used. The basis
or these is the tolerance unit i, which is defined as follows:

i = 45\/D + 0.001D

vhere D = the nominal dimension in millimeters.

Standardized inch tolerances are given in Table 16.5.
fhe equivalents to IT values are based on the following
ormula (in inches):

i = 052\/D + .001D

vhere D = the nominal dimension in inches.

IT grades for manufacturing processes are shown in
‘igure 16.51. Production costs may be reduced by limiting
limensions or grades to those for which gaging equipment is
vailable. This allows production personnel to apply “Go”
MMC) and “Not Go” (LMC) gages to the inspection of small
arts.

16.13 CALCULATING LIMITS AND
FITS

fetric tolerancing makes extensive use of limits and fits and
ymbology. In the United States, the symbology is supple-
lented by the limits, or the limits are specified and the
ymbology referenced on drawings, to prevent misinterpre-
ition. Tables 16.6 and 16.7 are, respectively, metric and
ich shaft position tables. These are used in conjunction
ith Tables 16.4 and 16.5 to calculate limits.

TABLE 16.2 Preferred Metric Basic Sizes (B.5.4318)

Choice Choice Choice
Ist 2nd 3rd | 1st 2nd 3rd | 1st 2nd  3rd
1 23 122
11 24 4 125
12 25 128
1.3 261 130
14 28 132
15§30 135
16 37 138
17 34 | 140
18 35 142
19 36 145
2 38 148
21 | 40 150
22 42 152
24 44 155
2.5 45 158
26 46 160
23 48 162
| 3 50 165
| 32 52 168
E 35 541170
{ 38 | 55 175
|4 56 178
i 42 58 180
| 45 60 182
z’ 48 62 185
5 64 188
521 65 190
55 66 192
58 68 195
6 70 198
6.2 72 200
65 74 205
684 75 210
7 76 215
75 78 220
3 80 225
85 82 230
9 85 235
9.5 88 | 240
10 90 245
11 92 250
) 95 255
13 98 260
14 100 265
15 102 270
16 105 275
17 1o 285
18 108 290
19 112 295
20 Hs 300
21 118
22 120
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TABLE 16.3 Preferred Basic Sizes in Inches

o Dedmdd 0y 0 fracopal =
L 0.010 200 8.50 = 0.015625 2 2 2500 94 9.5000
1 0.012 220 9.00 = 0.03125 24 2.5000 10 10.0000
0016 2.40 9 50 = 0.0625 22 2.7500 10 105000
0.020 2 60 10.00 % 0.09375 3 30000 11 11.0000
0025 280 10.50 3 0.1250 3 3.2500 111 11.5000
| 0032 3.00 11.00 = 0.15625 34 35000 12 12 0000
| 0.040 3.20 11,50 2 01875 32 3 7500 124 125000
.05 340 12.00 ] 3.2500 4 4.0000 13 130000
L 006 3.60 12 50 = 03125 44 4.2500 132 13.5000
| 008 380 13.00 2 0 3750 41 4 5000 14 14.0000
010 400 13.50 ~ 04375 4% 4.7500 141 14.5000
012 420 14.00 1 0.5000 5 5 0000 15 150000
l 0.16 4.40 1450 = 05625 51 5 2500 151 15 5000
020 4 60 15.00 = 0.6250 5 % 5.5000 16 160000
L 0.24 4.80 1550 o 06875 52 5 7500 164 16.5000
L 030 500 16 00 : 0.7500 6 6 0000 17 17.0000
040 520 tesn | 7 0.8750 61 6.5000 171 17 5000
050 5.40 1700 1.0000 7 70000 18 18.0000
' 060 5 60 1750 | I 12500 74 7 5000 184 18 5000
| 080 580 18.00 * 11 1.5000 8 80000 19 19.0000
1.00 6.00 1850 | 12 1.7500 81 85000 191 18 5000
120 6.50 19.00 l 2 2.000 9 9 0000 20 20 0000
140 7.00 950 | - - -
- 160 7.50 2000
1.80 .00 ‘ All dimensians are given in inches.
Process 1T Grades

... - - 16.53.1 Calculating Metric Hole Limits

Lapping and honing - The hole basis system places the low limit of a hole at exactly

Cylindrical grinding- the basic or design size. The high limit is calculated by

Surface grinding oo adding to it the IT value (Table 16.4). For example:

Diamond turing - © 80 H7 =80+ 0.03,-0

Diamond boring - (.03 is from Table 16.4.)

Broaching «--oooroooerreees

Sized powder metal- oo

Reaming .- oo oo

TURIG e G s

Smtermg ....... = Galredana

Boring -+ . £6.13.2 Calculating Inch Hole Limits

Milbpg ... The low limit of the hole is at the basic or design size. The

Planing and shaping -~ Soeeaeae e high limit is calculated by adding to it the IT value (Table

Drilling - - . 16.5). For example:

Pum:hmg ........................... Cieiiioireni i @ 3.1500 H7 = 3.1500 + 0.0012, - .0000

Diecasting oo o e (0012 is from Table 16.6.)

FIGURE 16.5% IT Grades for Manufacturing Processes
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TABLE 16.4 Metric Table—Standard Tolerances

Nominal’
Size IT Tolerance Grade IT = ISO Series of Tolerances
Up to and
includ-
Over ing
(mm) (mm) [T01 ITO IT1 IT2 T3 IT4 IT5 IT6° IT7 IT8 IT9 IT10 IT11 IT12 IT13 IT14% IT15° IT16°
e 3 03 95 08 12 2 3 4 6 10 14 25 40 6 100 140 250 400 601
3 6 04 06 1 1.5 25 4 5 8 12 18 30 48 75 120 180 300 480 750
6 10 04 06 115 25 4 6 9 15 22 36 58 90 150 220 360 = 580 900
10 18 05 08 12 2 3 5 8 1 18 27 43 70 110 183 270 430 700 11060
18 30 06 1 15 25 4 6 9 13 21 33 52 84 130 210 330 520 840 1300
30 50 06 1 15 25 4 Tl 16 25 39 62 100 160 250 390 620 1000 1600
50 80 08 12 2 3 5 8 13 19 30 46 74 120 190 300 460 740 1200 1900
80 120 T phana s 4 6 1015 22 35 54 87 140 220 350 540 870 1400 2200
120 180 12 23k 5 8 12 18 25 40 63 100 160 250 400 630 1000 1600 2500
180 250 2 3 45 7 10 14 20 29 46 72 115 185 290 460 720 1150 1850 2900
250 315 25 4 6 8 12 16 23 32 52 81 130 210 320 520 810 1300 2100 3200
315 400 3 5 7 9 13 18 25 36 57 89 140 230 360 570 890 1400 2300 3600
400 500 4 (6] 8 10 15 20 27 40 63 97 155 250 400 630 970 1550 2500 4000
500 630 = i = 5 44 70 110 175 280 440 700 1100 1750 2800 4400
630 8OO0 el - e = e 50 80 125 200 320 500 800 1250 2000 3200 5000
800 1000 - e - sk 56 90 140 230 360 560 900 1400 2300 3600 5600
1000 1250 o e e S = 66 105 165 260 420 660 1050 1650 2600 4200 6600
1250 1600 e i 78 125 195 310 500 780 1250 1950 3100 5000 7800
1600 2000 s 92 150 230 370 600 920 1500 2300 3700 6000 9200
2000 2500 e we e 110 175 280 440 700 1100 1750 2800 4400 7000 11000
2500 3150 e = e - -~ 135 210 330 540 860 1350 2100 3300 5400 8600 13500
Tolerance unit 0.001 mm
'Standard tolerance in microns (1p. = 0.001 mm)
2Not applicable to sizes below 1 mm o
Not recommended for fits in sizes above 500 mm 613232

ISO tolerance grade 6 in abbreviated form is IT6
With a hole basis system, unless the shaft is at position h (see

figure at the bottom right of Table 16.6), the value in Table
16.6 must be added algebraically to calculate the upper limit

TABLE 16.5 Inch Values—Standard Tolerances

IT Grade 1 01 0 1 2 3 A 4 5 6 7 8 9 10 11 12 : 13 : 1..4*.. 15* 16*
£012 0012 602 003 005 008 0.12 015 025 04 06 10 16 25 40 60 100 160 250
>01210024 (0015 0025 004 006 010 015 02 03 05 07 12 18 30 50 70 120 180 300
>02410040 [0.015% 0025 0.04 006 010 015 025 04 06 09 14 22 35 60 90 140 220 350
>040100.71 (002 003 005 008 012 02 03 04 07 10 16 28 40 7.0 100 160 280 400
>071t0 119 (0025 004 006 010 015 025 04 05 08 12 20 35 50 80 120 200 350 500
> 11910197 10025 004 006 010 015 03 04 06 10 16 25 40 60 100 160 250 400 600
>1971t03.15 1003 005 008 012 02 03 05 07 12 1.8 30 45 70 120 180 300 450 7200
>3.15104.73 1004 006 01 015 025 04 06 09 14 22 35 50 90 140 220 350 500 900
»4.73107.09 E0.0S 008 012 62 03 05 07 10 16 25 40 640 100 160 250 400 600 1000
>70910985 008 012 02 03 04 06 08 12 18 28 45 70 120 180 280 450 700 1200
>98510 1241 |[010 015 025 03 0% 06 09 12 20 30 50 80 120 200 300 500 800 1200
> 1241101575012 Q2 03 04 05 07 1o 14 22 35 60 90 140 220 350 600 9200 140.0
>15.751t0 1969015 025 03 04 06 08 10 16 25 40 60 100 160 250 400 600 1000 1600

Table shows standard tolerances in 0.001 inches for diameter steps in inches.
*Up to .04 in., grades 14 to 16 are not provided.
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METRIC-TOLERANCE ZONE POSITION TABLE-SHAFT UPPER LIMITS
FROM ZERO LINE (BASIC SIZE) SEE GRAPHIC AT LOWER RIGHT.

Loose, free & close running, sliding, locational, drive, and force fits

Over-To cl1 d9 7 |96 h6 |k6 n6 p6 s6 uéb N
ote:
<3 -60 -20| -6 -2 0 6 10 12 20 24 * Uppercase letters
3106 ~70 ~30 | =10 4| o 9 16 20 27 31 represent holes/bores. (e.g., H7).
- Lowercase letters
61t0 10 -80 -40 | -13 -5 0 10 19 24 32 37 represent shafts (e.g., f6).
- The letter (location symbol) represents
1010 14 95 -50 |-16 -6 0 12 23 29 39 44 the position/distance to the
141018 95| -s0|-16| -6| o| 12 23 29| 39| 44 "zero line"/Basic size.
- Hand h are on the zero line.
181024 -110 —65 | -20 -7 0 15 28 35 48 54 « The number (quality no.) represents
the tolerance grade. Higher nos. yield coarser fits.
24 to 30 -110 -65 | -20 -7 0 15 28 35 48 61 * See tolerance grade () table
30 to 40 -120 -80 | =25 -9 0 18 33 42 59 76 for limits not shown in these tables.
* Add IT to hole for max limit (Basic size is min hole)
40 to 50 -130 -80 | 25 -9 0| 18 33 42 59 86 * Subtract IT from shaft limit calc. from table for min.
50 to 65 -140 -100 | -30 -10 0 21 39 51 72 106 METHODS OF INDICATING
65 to 80 -150 -100 | -30 -10 0 21 39 51 78 121 1. 230 7
2. 229.980 +.000, 2.021 (230 {7)
8010100 | -170| -120|-36| -12| 0| 25 45 59| 93| 146 3. ©129.959-29.980 (@30 £7)
100 to 120 -180 -120 | -36 -12 0 25 45 591 101 166
INDICATING FITS
120 to 140 -200 —-145 | -43 -14 0 28 52 68| 117 195 1. &.30 H8/f7 (hole first)
2. @30 H8 (30.000—30.033)
140 to 160 -210 —145 | 43 -14 0 28 52 68| 125 215 17 (29.959-29.980)
160 to 180 -230 —145 | 43 -14 0 28 52 68| 133 235
180 to 200 -240 -170 | -50 -15 0 33 60 79| 151 265
200 to 225 -260 -170 | -50 -15 0 33 60 79| 159 287
225 to 250 -280 -170 | -50 -15 0 33 60 79| 169 313
250 to 280 -300 -190 | -56 =17 0 36 66 88| 190 347
1. Basic hole system (unilateral hole basis) employed (table covers shafts).
2. Values are in thousandths of a millimeter (microns); sizes in mm.
3. Values represent the upper limit (relative to the zero line) of shafts.
4. The selected fits indicated are recommended in ANSI B4.1. Clearance Fits
These are somewhat similar to those in (UK standard) BS 4500.
5. Add value from table algebraically to basic size for upper shaft limit. FIT HOLE | SHAFT
loose H11 [c11
free H9 [d9
close H8 |7
— *BASIC size is min. hole size.
sliding H7 |g6 *Add IT(X) from table for max. hole. Upper limit from table
locational |H7  |h6
| HOLES u
s
USING THE TABLE ABOVE Transition Fits l K n i
IT H
@30 17 (Shaft) AT HOLE|SHAFT| |ZERO LINE | CLEARANCE
zero line 30.00 locational |H7  |k6 BASIC SIZE h I’T (ryp)  INTERFERENCE
Basic size “—20(.02) from above” . g
¢ locational |H7  |n6 f |
table to get upper limit d
| 29.980 | c (NOT TO SCALE)
| I | Interference Fits
'1;7 l 2 29.959 AT HOLE | SHAFT *Subtract value from table above
: - l::j SHAFTS for one (high) limit of shaft.
IT7 (other table) = .021 locational |H7 _ |p6 -Subtract IT(X) from high limit
med. drive | H7  |s6 of shaft for low limit.
30.000 2 .020 5 29.980
29.980 2 .021 5 29.959 force 7 lus POSITIONS OF TOLERANCE ZONES TO ZERO LINE.
of a shaft; subtracting the IT value (Table 16.4) from the  or

upper limit yields the lower limit.

© 80 ko = 80 + .021, + .002

80.002-80.021

(.021 -.019 = .002)

(.021 is from Table 16.6 and .019 from Table 16.4.)
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Part Four

PROCESSES AND DOCUMENTATION

TABLE 16.7 Inch Tolerance Zone Position—Standard Fits
INCH-TOLERANCE ZONE POSITION TABLE-SHAFT UPPER LIMITS
FROM ZERO LINE (BASIC SIZE) SEE GRAPHIC ON METRIC TABLE PAGE.
RUNNING, SLIDING, CLEARANCE, TRANSITION, AND INTERFERENCE LOCATIONAL FITS
Over-To 9&c10 [d8 |d9 |e7&E8le9 |f6,f7 |18 |g4,95 |g6 h5,6,789 |s6 |s7 |k6 |k7 [n5 |n6 |n7 |p6 |[r6 |Sp-10 |Sp-11|Sp-12
0-.12| =-2.50| -1.0/—-1.0, -.6| —.6| =.3] =.3] —=.10| =.10 0 0.1 0.2 - - 10.45] 0.5/0.65/ 0.65/0.75| —4.0f —4.0 -5
12-24| -2.80| —-1.2|-1.2| -8 =8 -4 -4 -.15 -.15 0 0.15/0.25| - - 0.5 0.6/ 0.8/ 0.8/ 09| -45 -45 -6
.24-40| -3.00| —-1.6|—-1.6/] =1.0/-1.0] -.5| =.5| —.20] —.20 0 0.2/ 0.3| 05| 0.7/0.65| 0.8 1 1 1.2 =50 -5.0 -7
40-71| -3.50{ =2.0|—-2.0f =1.2|-1.2| —.6| —.6| —.25/ —.25 0 0.2/0.35| 05| 0.8/ 08| 0.9 1.2| 1.1 1.4 -6.00 —6.0 -8
71-1.19| —-4.50| —=2.5|-2.5| —1.6/-1.6] —.8/ —.8 —.30| —.30 0 0.25| 04| 0.6/ 09 11 1.1 1.4 13| 1.7} =7.00 =7.0 -10
1.19-1.97| -5.00| -3.0/|-3.0f —=2.0|-2.0] —=1.0{—1.0] —.40| —-.40 0 0.3] 0.5| 0.7] 1.1 1.1] 1.3] 1.7/ 16 2| -8.0 -80 =12
1.97-3.15| -6.00| —4.0|—4.0| —2.5|-2.5| =1.2|-1.2| —.40| —.40 0 0.3] 0.6/ 0.8] 1.3] 1.3] 15 2| 2.1] 2.3 =9.0/-10.0 —14
3.15-4.73| -7.00| =5.0/—-5.0] -3.0/-3.0| =1.4/-14| -.50| -.50 0 04| 0.7 1 150 1.6] 1.9] 24| 2.5 2.9 —-10.0-11.0 =16
4.73-7.09| -8.00| —6.0/—6.0] —3.5|—3.5| —=1.6/|—-1.6] —.60] —.60 0 0.5] 0.8 1.1] 1.7/ 1.9] 22| 2.8/ 2.8/ 35 —12.0-12.0 -18
7.09-9.85| —10.00| —7.0|—7.0| —4.0/—-4.0| —2.0{-2.0| —.60| —.60 0 0.6] 09| 14 2| 22| 26| 3.2| 32| 4.2|-150 |-16.0 —22
9.85-12.41| —12.00| —8.0/—7.0] —=5.0{-4.5| —=2.5| 2.2| -.80| —-.70 0 0.6 11 14| 22| 23| 26| 34| 34| 47| —18.0-20.0 —28
12.41-15.75| —14.00~10.0|—8.0 6/—5.0| —3.0| 2.5/ =1.00] —-.70 0 0.7 11 16| 24| 26 3] 3.8/ 39| 59| -22.0/-22.0 —30
1. Basic hole system employed (table covers shafts).
FORCE AND SHRINK FITS 2. Values are in thousandths of an inch. Note:
3. Values represent the upper limit (relative to the zero line) of shafts. - Uppercase letters
Sverio s6 LT L VA Y 4. Values indicated “Sp-X" are not used in the ISO (International ISO 286). reprper;ent holes/bores (e.g., H7).
0-.12 0.85 -{095] 13] 05 *5. Add value from table algebraically to basic size for upper shaft limit. - Lowercase letters
12-.24 1 -l 1.2 1.7] 0.6
represent shafts (e.g., 6).
:24-.40 1.4 -| 16 210.75 * The letter (location symbol)
0.4-.56 1.6 -| 1.8 23] 08 represents the position/distance to
.56-.71 1.6 -| 1.8/ 25| 09 - - the “zero line"/Basic size.
71-.95 19 T2 30 11 Running and Sliding Frtsi Clearance Locationatl Fits - H and h are on the zero line.
.95-1.19 19| 21| 23] 33| 12 FIT |HOLE |SHAFT FIT  |HOLE| SHAFT + The number (quality no.) repre-
1.19-1.58 241 26| 3.1 4l 13 RC1 |H5 g4 IT1 [H7 |lIs6 sents‘_(he tolerancevgrade Higher
1.58-1.97 24| 28] 34 5 14 RC2 [H6 g5 T2 [H8 [Is7 QOSS- y'telld coarser fﬁd& () table f
ee tolerance grade able for
1.97:2.56 27| 32] 42| 62| 18 RC3 (H7 f6 LT3 [H7 k6 limits not shown in these tables.
256-315| 29/ 37| 47] 7.2] 1.9/  |RCAH8 7 T4 [H8 lk7 * Add IT(3) for hole limit (from 0).
3.15-3.94 37| 44 59| 84| 24 RC5 [H8  |e7 75 |H7 [n6 (Basic hole is min size.)
3.94-4.73 39| 49| 69| 94| 26 RC6 |H9  |e8 06 [H7 |n7 * Subtract IT from max shaft limit
4.73-5.52 4.5 6 8| 11.6] 2.9 RC7 |H9 d8 calculated from basic size and
5.52-6.30 5 6 8| 13.6] 3.2 RC8 [H10 |9 Interference Locational Fits value in table for other limit.
6.30-7.09 5.5 7] 9] 13.6] 35 RC9 |H11 [Sp-10 FIT  |HOLE|SHAFT
7.09-7.88 6.2] 82[102] 158] 38 LN1 [H6 [n5 METHODS OF INDICATING
788-8.86] 62| 8.2|11.2| 17.8 43 ; - N2 [H7 |p6 1.2.3017
886985 720 9211321 178 43 Clearance Locational Fits TERTARES 2. &.2995 +.000, -.0006 (&.307)
9.85-11.03| 72| 102]13.2] 20| 49 FIT_[HOLE [SHAFT 3. 929892995 (@ 30f7)
11.03-12.41 82| 10.2]15.2 221 49 LC1 |H6 h5 Force and Shrink Fat5| INDICATING FITS
12.41-13.98 9.4[ 11.4[17.4] 242] 55 LC2 |H7  |h6 FIT_|HOLE| SHAFT, 1. @.30 H8/f7 (hole first)
13.98-15.75 9.4| 13.4[19.4| 27.2| 6.1 LC3 [H8  |h7 FN1 [H6 |Sp5 2. @30 H8 (.3000~.3009)
$15.75-17.72] 10.6] 13.6/21.6] 305 7 LC4 [H10 |h9 FN2 [H7 |s6 17 (.2989-.2995)
17.72-19.69| 11.6] 15.6/23.6] 32.5|] 7 LC5 |H7 |96 FN3 |H7 |6
LC6 |H9  |f8 FN4 [H7 |u6
LC7 |H10 |e9 FN5 |H8 | x7
LC8 |H10 |d9
LC9 |H11 10 IT Grade (7) IT Grade (7)
LCTO[H12 |Sp11 Location on zero I:ne (H) Location to z|ero line (f)
LC11/H13  |Sp12 @30 H7 230 7
| |
Basic Size (230) Hole Designation Basic Size (@30)  Shaft Designation
Example: Example
@ 80 cll = .80 - .150, - 340 ©3.15 k6 = 3.1500 - .0008, - .0015
or or
79.660 - 79.850 (-.150 - .190) = -.340

(-.150 is from Table 16.6 and .190 from Table 16.4.)

16.13.4 Calculating Inch Shaft Limits

With a hole basis system, unless the shaft is at position h (see
figure at the bottom right of Table 16.7), the value in Table
16.7 must be added algebraically to arrive at the upper limit
of a shaft; subtracting the IT value (Table 16.6) from the

upper limit yields the lower limit.

3.1485-3.14992

Example

® 12.00 d9 = 12.00 - .007, - .012

or

11.988-11.993

(-.0008 - .0007 = - .0015)
(- .0008 is from Table 16.7 and .0007 from Table 16.6.)

(-.007 - .005 = - .012)
(.007 is from Table 16.7 and .005 from Table 16.6.)
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