Chapter 3 Geometric Tolerancing

Objective:

Chapter 3 presents an overview of Geometric Tolerancing and inspection using gages.
The fundamentals of design tolerances and their interpretation are presented in detail. The
basics of ASME Y14.5 (Form Geometric Tolerance Specification) are presented. Single

and multiple data are introduced.
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3.1 Background

In Chapter 2, we learned about engineering design and traditional tolerance
specification. As products have gotten increasingly sophisticated and geometrically more

complex, the need to better specify regions of dimensional acceptability has become



more apparent. Traditional tolerances schemes are limited to translation (linear)
accuracies that get appended to a variety of features. In many cases bilaterial, unilaterial
and limiting tolerance specifications are adequate for both location as well as feature size
specification. Unfortunately, adding a translation zone or region to all features is not
always the best alternative. In many cases in order to reduce the acceptable region, the
tolerance specification must be reduced to insure that mating components fit properly.
The result can be a high than necessary manufacturing cost. In this chapter, we will

introduce geometric tolerances; how they are used; and how they are interpreted.

In 1973, the American National Standards Institute, Inc. (ANSI) introduced a
system for specifying dimensional control called Geometric Dimensioning and
Tolerancing (GD&T). The system was intended to provide a standard for specifying and
interpreting engineering drawings, and was referred to as ANSI Y14.5 - 1973. In 1982,
the standard was further enhanced and a new standard ANSI Y14.5 — 1982 was born. In
1994, the standard was further evolved to include formal mathematical definitions of
geometric dimensioning and tolerancing, and became ASME Y14.5 — 1994.

3.2 Geometric tolerances — ASME Y14.5

Geometric tolerancing specifies the tolerance of geometric characteristics. Basic
geometric characteristics as defined by the ASME Y14.5M 1994 standard include

Straightness Perpendicularity
Flatness Angularity
Roundness Concentricity
Cylindricity Runout

Profile True position
Parallelism

Symbols that represent these features are shown in Table 3.1. To specify the geometric
tolerances, reference features — planes, lines, or surfaces — can be established. Geometric
tolerance of a feature (lines, surface, etc.) is specified in a feature control frame (Figure
3.1). Each frame consists of: 1) a tolerance symbol, 2) the tolerance value, 3) a modifier

to the tolerance value, and 4) pertinent datum information. The diameter symbol (Table



3.1) may be placed in front of the tolerance value to denote the tolerance is applied to the
hole diameter. The meaning of the modifier will be discussed later and omitted here.
Following the modifier could be from zero to several datums (Figure 3-1 and Figure 3.2).
For tolerances such as straightness, flatness, roundness, and cylindricity, the tolerance is
internal; no external reference feature is needed. In this case, no datum is used in the
feature control frame.

A datum is a plane, surface, point(s), line, axis, or other information source on an object.
Datums are assumed to be exact, and from them, dimensions similar to the reference-
location dimensions in the conventional drawing system can be established. Datums are
used for geometric dimensioning and frequently imply fixturing location information. The
correct use of datums can significantly affect the manufacturing cost of a part. Figure 3-3
illustrates the use of datums and the corresponding fixturing surfaces. The 3-2-1 principle
is a way to guarantee the workpiece is perfectly located in the three-dimensional space.
Normally three locators (points) are used to locate the primary datum surface, two for
secondary surface, and one for tertiary surface. After the workpiece is located, clamps are
used on the opposing side of the locators to immobilize the workpiece.



Table 3-1 Geometric tolerancing symbols (ASME Y14.5M-1994 GD&T (ISO 1101, geometric
tolerancing; 1SO 5458 positional tolerancing; ISO 5459 datums; and others))
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Figure 3-3  3-2-1 principle in datum specification

3.2.1 Symbol modifiers

Symbolic modifiers are used to clarify implied tolerances (Figure 3-1). There are three

modifiers that are applied directly to the tolerance value: Maximum Material Condition
(MMC), Regardless of Feature Size (RFS), and Least Material Condition (LMC). RFS is
the default, thus if there is no modifier symbol, RFS is the default callout. MMC can be

used to constrain the tolerance of the produced dimension and the maximum designed

dimension. It is used to maintain clearance and fit. It can be defined as the condition of a

part feature where the maximum amount of material is contained. For example, maximum

shaft size and minimum hole size are illustrated with MMC as shown in Figure 3-5. LMC

specifies the opposite of the maximum material condition. It is used for maintaining

interference fit and in special cases to restrict the minimum material to eliminate vibration



in rotating components. MMC and LMC can be applied only when both of the following

conditions hold:

1. Two or more features are interrelated with respect to the location or form (e.qg.,

two holes). At least one of the features must refer to size.

2. MMC or LMC must directly reference a size feature.

@O@O &

Maximum material condition MMC assembly
Regardless of feature size RFS (implied unless specified)
Least material condition LMC less frequently used

Projected tolerance zone <«——— maintain critical wall thickness or

Tangent plane
Free state

Tolerances Applicable modifiers

{i} 1 Y / MMC, RFS, LMC

MMC, RFS

g 27 © RFS

Figure 3-4 Modifiers and applicability
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Figure 3-5 Maximum material diameter and least material diameter

When MMC or LMC is used to specify the tolerance of a hole or shaft, it implies that the
tolerance specified is constrained by the maximum or least material condition as well as
some other dimensional feature(s). For MMC, the tolerance may increase when the actual
produced feature size is larger (for a hole) or smaller (for a shaft). Because the increase in
the tolerance is compensated by the deviance of size in production, the final combined
hole-size error and geometric tolerance error will still be larger than the anticipated
smallest hole. Figure 3-6 illustrates the allowed tolerance under the produced hole size.
The allowed tolerance is the actual acceptable tolerance limit; it varies as the size of the

produced hole changes. The specified tolerance is the value.
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Figure 3-6 Allowed tolerance under the produced hole size

Projected tolerance zone is used in assembly of two parts with a gap in between them.
The assembly of engine block with cylinder head is a good example. A gasket is inserted
in between the engine block and the cylinder head. When specifying the position of bolt
holes on the cylinder head, the positional error is measured at a thickness of the gasket to
ensure the mating with the bolt on the engine block. Figure 3-7 illustrates the projected
tolerance zone is 0.25” over the top of the hole. The dimension above the feature control
frame specifies 0.375” diameter holes with UNC (Unified Coarse) 16 threads per inch
screw threads. 2B stands for number 2 fit and internal thread.

375 - 16 UNC - 2B

- | ¢ 010\ A| Bl
250(p)

—>|\| |<—0.0l

Projected tolerance
0.25 sone

?V//AI'\\ 7

Produced\ part

Figure 3-7 Projected tolerance zone



In the following sections, the Mathematics based definitions of geometric tolerances are
introduced. The gage based definitions are presented in the Appendix. The math based
definition is more precise; however, for technologists with less math education, the gage

based definition is preferred.

3.2.2 Straightness (ASME Y14.5-1994)
Straightness is a condition where an element of a surface, or an axis, is a straight

line. A straightness tolerance specifies a tolerance zone within which the considered
element or derived median line must lie. A straightness tolerance is applied in the view
where the elements to be controlled are represented by a straight line.

Straightness of a Derived Median Line

Definition: Straightness tolerance for the derived median line of a feature specifies that
the derived median line must lie within some cylindrical zone whose diameter is the
specified tolerance.

A straightness zone for a derived median line is a cylindrical volume consisting of all

points P satisfying the condition:

Tx(P-A) g% (3.1)

where

T = direction vector of the straightness axis

A = position vector locating the straightness axis

t = diameter of the straightness tolerance zone (tolerance value)

This feature is illustrated in Figure 3-8 for a cylindrical surface and Figure 3-9 for a
planar surface.

Conformance. A feature conforms to a straightness tolerance t, if all points of the derived

median line lie within some straightness zone as defined above with t =t,. That is, there

exist T and A such that with t =t,, all points of the derived median line are within the

straightness zone.
Actual value. The actual value of straightness for the derived median line of a feature is

the smallest straightness tolerance to which the derived median line will conform.



3.2.3 Straightness of Surface Line Elements

Definition. A straightness tolerance for the line elements of a feature specifies that each

line element must lie in a zone bounded by two parallel lines that are separated by the

specified tolerance and that are in the cutting plane defining the line element.

A straightness zone for a surface line element is an area between parallel lines consisting

of all points P satisfying the condition:

and

where

t =

|'I:x(5—,&)|£% 3.2)
¢, (P-B)=0

¢, (A-B)=0

C.-T=0

_I: =d
A= position vector locating the center line of the straightness zone
= size of the straightness zone (the separation between the parallel

irection vector of the center line of the straightness zone

P = normal to the cutting plane defined as being parallel to the cross
product of the desired cutting vector and the mating surface normal

at ™
55 = point on the surface, contained by the cutting plane

Figure 3-8 illustrates a straightness tolerance zone for surface line elements of a

cylindrical feature. Figure 3-9 illustrates a straightness tolerance zone for surface line

elements of a planar feature.
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Figure 3-9 Evaluation of straightness of a planar surface
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Conformance. A surface line element conforms to the straightness tolerance t, for a
cutting plane if all points of the surface line element lie within some straightness zone as
defined before with t =t,. That is, there exist T and A such that with t=t,, all points of

the surface line element are within the straightness zone.

A surface conforms to the straightness tolerance t, if it conforms simultaneously for all

toleranced surface line elements corresponding to some actual mating surface.

Actual value. The actual value of straightness for a surface is the smallest straightness
tolerance to which the surface will conform.

3.2.4 Flatness

Flatness is the condition of a surface having all elements in one plane. A flatness
tolerance specifies a tolerance zone defined by two parallel planes within which the
surface must lie.

(a) Definition. A flatness tolerance specifies that all points of the surface must lie in some

zone bounded by two parallel planes which are separated by the specified tolerance.

A flatness zone is a volume consisting of all points P satisfying the condition:

Ao ot
[Tx(P-A)< > (3.3)
where
T = irection vector of the parallel planes defining the flatness zone
A = position vector locating the midplane of the flatness zone
t =size of the straightness zone (the separation between the parallel
lines)

12



{b) Conformance. A feature conforms Lo a flatness tolerance g if all pofnts of the
feature Jie within some flatness zone ag defined before, with £ = #,. Thal is, thare exist
Fand A such thal wilh { = #, all points of the fealure arc within the flatness zone.

(e} Actual valiwe. The aclual value of (latness for a surfuce is the smallest flatness
Lolerance to which the surface will conform.

FZ.5 Circularity (roundness). Circularity #s 4 condilion of a surface where:

{a} for a feature other than s sphere, all points of the surface intersected by any
plane perpendicular to an axis are equidistant from that axis;

{b} for a sphere, all points of the surface intersected by any plane passing (hrough
a common center are cquidistant from thal cenler.

A circularily tolerance specilies a tolerance zone bounded by two concentric cir-
cles within which each cirenlar element of the surface musi lie, and applies indepen-
dently at any plane described in (a) and {b) above.

{a} Definitivn. A circularily tolerance specifres thal all points of cach circular ele-
nient of the surface must lie 1n some zonc hounded by twa concentric circles whose radi
diller by the specificd tolerance. Cirenlar elements arc obtained by taking cross-sections
perpendicular 10 seme spine. For a sphere, the spine is 0-dimensional {a point}, and for
a cylinder or cone, the spine is 1-dimensional (a simple, nonself-intersecling, langent-
coitinuous curve ). The concentric circles delining the circularty zone arc centered on,
andl in a plane perpendicular to, the spine.

A uircularity zonc at a given cross-seclion is an annulur arca conststing of all points

P salistying the conditions:
R ST B
T-(F-A)=0 : -\;1,3_')
amd
B-A-A= L e
i 5 - L3
where S

= 4 - ¥ . oy
¥ = for a cylinder or cone, a unil vector that is tangent to the spine a1 A. For a
sphere., T is a unil vector that points radially in all directioms from A

A = position vector locating a point on the sping

.,!
I

= radial distance (which may vary between cirenlar elements) from the spine
to the center of the cireularily zone {F == 0 for all circular elements)

{ = the size of the circularity zone

. Figure . illustrales a circularity zone for a cireular efement of a cylindrical or
cohical Teture, ‘

(b} Conformance. A cylindrical or conical feature conforms to a circalarity toler-
ance fy i there exists a I-dimensional sping snch that a1 cach point A of the spine, the
circular clement perpendicular 10 the tangent veclor T al A conforms to Lhe circularity
tolerance fy. That s, for cach circutar element, there exist X and rsach that with ¢ = 1y
alf points of {he cireolar elemeni are within the circulanly zone.

13



g Circularity
\ k zahe

L Figere 54585 hestration of a circuluri Iy
== "™~ hLocus oftolerance tulerance zone for a cylindrical or conical
20ne centers element feature.

A spherical Teature conlorms to a circularity tolerance i il therc exists a paint (a
U-dimensional spine) such that each circular element in each citting plane containing
1he point conforms io the Li)rcula.rity tolerance i, That is, for each circular element, there
exist ¥, », and a common A such that wilth 1 = to, all points of the circular element are
within the circularity zone.

() Actuaf value. The actual value of circularily for a fealure is the smallest ciren-
larity tolerance to which the leature will conform, :

Sk Cylindricity.  Cylindricity is a condition of a surface of revolulion in which
all points of the surface are equidistant from & common axis. A cylindreity tolerance
specifies a Lolerance zone bounded by two concentric cylinders within which the surface
must lie. In the case of cylindricity, unlike that of circularity, 1he 1olerance apphes simul-
tanevusly to both circular and longitudinal elements of (he surface {the entire surface).
Note: The cylindricity tolerance is a composile control of form that includes circulari( v,
straightness, and Iaper of a cylindrical leature.

(2) Definition. A cylindricity tolerance specilies that all points of the surface
must He in some zone bounded by two coaxial cylinders whose radii differ by the speci-
fied tolerance.

A cylindricily zone s a volume belween (wo coaxial cylinders consisting of ali
points P salisfying 1he condition:

I x®-Bl-1s L (3,5)

= direction vector of the cylindricily axis
A= pastlion vector locaiing the cylindricity axts

= radjal distance from the cylindricily axis to the center of the tolerance zonc
= size of the cylindridity zone



{b) Conformance. A fealure conforms 1o a cylimdricity tolerance & if all points of
the [eaturc lie within some cylindricity zone as defined helore with ¢ = . That is,

there exist ¥, zT, and r such that with ¢ = #, all points of the fealure are within the

cylindricity zone.
(c).Aciual vaiue. The actual value of cylindricily for a surface 35 the smalles! cylin-
dricity tolerance o which it will conform.

3iZ.7 Profile control. A profile is the oulline of an object in a given plane
(two-dimensional (igure). Profiles are formed by projecling a three-dimensional ligure
onto a plane or taking cross-sections through the figure. The elements of a profile are
straight lings, arcs, and other curved lines. With protile tolerancing, the truc profite may
be detined by hasic radii, basic angular dimensions, basic coordinate dimensions, basic
size dimensions, undimensioned drawings, or formulay.

{a) Pefinition. A profile (oleranee zone is an arca {profile of o line) or a volume
{profile of o surface) generaled by offsetiing, gach point om the nominal surface ina di-
rection nermal to 1he neminal surface at (hat point. For unilateral profile tolerances, the
surface is offset 1otally in one direction or (he other by an amount egual 10 the profile
tolerance. For bilateral profile tolerances, the surface s offsct in both dircetions by a
combined amount equal o the profile tolerance. The offsets jn each direchion may, or
may not. be disposed aqually. n

For a given point £y on the nominal surface there is a unil vector N normat 1o ihe
nominal surface whose positive direction is arbitrary; it may point either into or out of
the material. A profile tolerance t consists of the sum of two interntediaie tolerances t4
and 1_. The intermediate tolerances ¢, and 1 represent the amount of tolerance 10 be
disposed in the positive and negative directions of the surface normal N, respectively.
at Py. For unilateral profile lolerances, cither . o - equals zero; 7. and /. are always
nonnegative numbers. K

The contiibution of the nominal surface point P toward the tolal tolerance zonc
is a Tine segmenl normal 1o the nominal surface and bounded by points at distanees (.
and i Irom P The prolile tolerance zone is the union of line segments obtained from
cach of the points on the nominal surface.

(") Conformance. A surface conforms 1o a profile tolerance ty if all points ﬁ}; of
the surface conform to either of the nlermediate tolerances £ ar r- disposed aboul
some correspondimyg point Py on the nominal surface, A point Ps conforms 1o the
intermoediale tolerance ¢ i1t 15 between ?N and fiN 4 Fﬁu.}\ poimt ?’)5 conlorms 1o the
intermediate tolerance ¢ il it 15 between I_"}N and FN— N, .. Mathematicalky, this is
the condition thal ihere exists some Dy on Lhe nominal surface and some 1. —f_ =
u = i, for which Ps=Pos ;{r.,.

(e} Actual valie. For both unilaterat and bilatera) profile tolerances, two actusl val-
ues are necessarily caleulnted: one for surface viriations in the pusitive direcljon and
one for the negative direction. For each direction, the actual value of profile is Lthe smatl-
est intermediale toterance 1o which (he surface conforms. Note that no single actual
value may be calevlated for comparison 1o the tolerance value in the feature cantrol
franne, excepl in the case of nrlateral profile tolernees.

15
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where

¥ = direction voeior of the planar orientalion zone

+ - o - ’ -
A = position vector locating the midplane of the planar orientation zone
t = size of the planar orientation zone (the separation of the parallel plancs)

The planar oricniation zone js oriented such that, if }5] is the dircction veetor of
the primary datum, then

|f" ' Ij]l _ {ICFJS 61'| fora pl:imary dalum axis ' /'—_g_—;) .
sin @) for 4 primary datum plane
where @is the hasic angle hetween te primary datum and the direction veclor of the
planar oricatation zone.
1F a sccondary datum is specified, the orientation zone is further restricted 1o be
oricnted relative (o he direction veclor, £);, of the sceondary daturm by

|75, {[cos e for o secondary datum axis (315J

|sin a| for a seeondary datum planc .

where 77 is the normalized projeciion of T onto a plane normal lo B, and e is the ba-
sic anplc between the secondary datum and T, 7 is given by
i AL B (39)
= BB -
1

Figure 3,00 ‘hows the relationship of the tolcrance zone direction vector fo the
primary and secondary datums. Figure 2,/ Zillustrates the projection of T onto the pri-
mary datum plare to form ¥, i

{b) Conformance. A surface, venter planc, langent plane, or ax3s § conforms io an
orientation {ulerance 7 if all points of § le gvithin_siome Planar oriemtation zone as de-
fined before with ¢ = . That is, there exist ¥ and A such that with ¢ — to, all points of §
are within the planar ortentation zone. Note that if the orientalion tolerance refers to
both a primary datun and a secondary datum. then 7 is [ully ¢letermined,

(0) Acteal value. The actual value of orentation for § s the stmallest orientation
olerance to which § will confom.

304 Cylindrical orientation zone.

{2} Definition. An orientation tolerance that is preceded by the dianteler symbol
specifics that the toleranced axis must lie in a zone bounded by a cyhinder with a diam-
cler equal 10 the specified folerance and whose axis is hasically oriciied to the primary
daiim and, il specificd, 1o the secondary datum as weli,

16
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A cylindrical orientation zone is » volume consisting of all paints B satisfying the
condilion

o s 1)
[T x (F - a) = % (310
where
¥ = direciion vector of the axis of the cvlindrical crientation zone
A = position vector Jocating the axis of the eylindrical orientation zone
¢ = dismeler of the cylindrical rigntation zone

~
“The axis of the cylindrical orientation zone is oricnted such that if D, s the di-
rection vector of the primary datum, then

|fn B [ { lcos @ for a primary datum axis /‘3 . “)
"7 Jsin @) for a primary datum plane ; ™
where @is the basic angle between the primary dutum and the direction veclor of the
axis of the cylindrical orientation zone,
W a secondary datunt is specified, the orientation zone is further restricted (o be
orietied relative 1o the direclion veetor, 2. of the secondary datim by

i {.|cns o] for a secondary datum axis (3. J ‘;L)
= 3

R R :
i z |sin & for a secandary datum planc

- = ~
where T is the nermalized projection of T onto a plane noymal to P, ind a is the
basie angle between the secondaty datwm and 7' T is piven by

.I)?

18
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Figure 3 illystrates a cylindrical orientation tolerance zone.

(b} Conformance. An axis § conforms to an orientation alerance 1o if all poinis of
§ lie within some cylindrica} orfentation zone as defined before with r = 6. That is, there
exists T and A such that with ¢ = o, all points of § are within the orieniation zone. Nolc
that if the orientation lolerance refers te both o primary datum and a secondary datum,
then T is fully determined.

() Actual vaiue, The actual value of orientation for § is the smallest orientation
tolerance 1o which § will conform.,

5,2,10 Linear orientation zone

{a) Defintion. An orienlation folerance that includes (he notation EACH ELE-
MENT or CACH RADIAL ELEMENT specifies that each fine element of e (oler-
anced surface must lie i1 a zone hounded by two paratlel Ines thal are {1} in the culting
plane defining (ie line element, (2) separated by the specificd lolerance, and {3} are ba-
sically oriented 10 the primary datum and, if specified, 10 the secondary datum as well,

For a surface point 5. a Tinear orientation zone is an area consisting of all points
Pina cutting plane of direciion vector €, thal contains B The poinis P satisfy the
comelilions '

¢, (B-By=0o (3.4

and

ix@-m= L (s

' = direction veotor of the center line of 1he lineur orientation zone

Ed

T
A = position vector lacaiing the center line of the linear orientzation zone
{35 =pointon §
Cp = normal (o the cutting plane and basically oriented 1o the datum Telerence
frame
f=size of the linear orientation zone (the separation beiween the parallel
lines)

‘Ihe cutting plane is oricnied 1o the primary datum by 1he constraint
Co- D, =0 (311’LJ

1 a secondury datuimn is specificd, the cutting pline is further sestricted to be oriented
to the direction vectar of the secondary datum £, by the constrant

]C,, N leos e Tor a secondary dalum axis (3' r-j

|E‘.~'sz

st af for a secondaty datum plane
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Tie position vector A", which locates the cen ler line of the linear arientation zOne,
also locates the cutting plane threugh the following constraint:

é!"(ﬁx_ﬁ}= 0 , @ﬂc‘f‘;'_\

i s primary or secondary datum axis is specified, and the toleranced feature in its nom-
inal conclition is rotalionally symmelric about that datum axis, them the cutiing planes
are further resiricted to contain the datum axis as follows:

Cor By~ B =0 (3.18)

wherc B is a position vector that locates the dalgm axis, Otherwise, the culting planes
are required to be paralle! o one another. s
The direction vector of the center line of the lincar orieatalion zone, T, is con-
strained (o lie in the cutling plane by : ;
.o z0
C. T =0 J( 2=

The center line of the linear orientation zone is aviented such that, if D, is the di-
reclion vecior of the primary datam, then

Jf f:]| - {fCFJS @ fora pr-im;lr}r datum axis {.5 .Zl_\
Isin @ for a primary datum plane

where ®is (e basic angle between the primary datum and the direction vector of {fe
Hnear orientation zone.

Figure 3 llustrates an oricntation zone bounded by paraile! lines on a culting
plane for a contdured surface.

{0} Confornance. A surface, cenfer plane, or tangent plane § conloms Lo an oL
entation tolerance i for a cutling plane Cpif ali peints of the intersection of $ witl; Cp i
lig wi thin some linzar orjentation zone as defined before with ¢ = ro. That is, (hcre exist
T and A such that with ¢ = g, ali points of S ure within the linear oricntation zone.

A surface 8 conforms 1o the orien lation tolerance & if it conforms simultancous ly
for alf surface points and aulting planes €.

Y
7
AERE

Each element

! Figuze 311"! Tricntation vwone bovnded
i i Y'V\tx X s
Orientation zone by paraflel Tines
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Note thal i thg orentation tolerance refers to both o primary dalum and a sec-
ondary datum, then T is fully determincd.

(c} Actual value. The actual value of orientation for § i3 the smalkest orientalion
tolerance (o which & will conforn.

3.2.'1  Runout tolerance. Runoul is g composile tolerance used to control
the functional relationship of one or more [eatures of a part to a datum axis, The types
of leatures controlled by runcul tolerances include thase surfaces construcied around
a dalum axis and those construcled at right angles (o 4 datrm axis.

Surfaces constructed around a datum axis are those surfaces that are either par-
allel to the datum axis or are at some angle other than 90° to the dalum axis, The
mathematical definition of runout is necessarily separated into two definitions: one for
surfaces constructed around the dalum axis, and one lor swifaces constructed at right
angles 1o he datum axis. A Teature may consisi of surfaces constructed both around and
al right angles to the datum axis. Separale mathematica? definitions describe the con-
trols imposed by a single runont tolerance on the distinet surfaces tha comprise such a
feature. Circular und total rimout are handied fater in this chapler.

Evalualion of runcul {cspecially total runout) on tapered or contoured surlaces
requires establishiment of actual mating normals. Nominai dimmeters, and (as appli-
cable} fengths, radii, and angles establish a cross-seetional desired contor having per-
feet form and orjentalion. The desired contour may be tramslated axially andfor radially,
but may not be tifled or scaled with respect (o the datum axis When a tolerance band
is equaliy disposed about this conleur and then revoived around the datum axis, # vol-
urmetric (olerance zone is peneraled.

Circrlar Runony

Surfaces Constructed at Right Angles (o 2 Datum Axis

(a) Definition. The toterance zone for each circular clement on 2 surface con-
strticted at righl angles (o o datum axisis generated by revolving a line segment about the
datum axis. The linc segment is parallc] to the datum axis andis ellength o, where g is the
specified toleranee. The regviting tolerance zone is the surface of a cylinder of height ¢

For a surface point Py, 5 circular runcot toferance zone is the surface of a cylinder
consisting of the set of points P salisfying the conditions

|J’3] X[F—Iﬂ = p f.z2)
and

B, - 8=, (32

where

radial dislance from I_j\ 1o he axis
= direciion vector of the datum axis

he| W

= posilion veelor locating the datum axis
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B= position vecior locating the center of the tolerance zone
¢ = size of the (olcrance zone {height of (he cylindrical surface)

(b) Conformance. The circular element through a surface poimﬁ. conforms Lo the
tircular ronowt tolerance £y if 3l Points of the clement lic within some circular runout
tolerance zone as delined before with ¢ = fo-That is, thete exists B soch that with 7 = in,
all points of Lhe surface elcrment are within the ¢ircular runout zone

A surface conforms 1o the cireular runout tolerance i all circular surface cle
ments conform.

(c) Acrualvalue. The actualvalue of circular runout fora surtace constructed altight
angles to a datum axis is the smallest circular runout tolerance to which it will conform,

Surfaces Constirrcted Around a Datuin A xis

(a) Definition. The toietance zone for each circular elemcnt on a surface con-
siructed around a datumn axis is gencrated by revolving 2 line sepment aboult the datum
#xis. The line segment is normal to the desired surface and is of length 1, where ) is the
specified telerance. Depending on the orientation of the resulting iclerance zone will
e either a flat annolar Arca or the surlace of g truncated cone.

For a surfzce point Py, 2 datum axis [X,.D]], and a given mating surface, 3 circular
runout wlerance zone for 4 surface constructed around » datum axis consisis of the sct
of points B satistying the conditions;

Ull i) o e (3124
and

B-H-d=t 622y

where

,‘1 = direction vecior of the datam axis

A= position vector locating the datum axiy

N= surface normal al F_; determined from the mating surface

8= point of intersection of the datum axis and the fine tkrough }_"_ﬁ. paraitel (o
the direction vector &

d = distance from B 1o the center of the tolerance zone as measured paral-
-
lel to ¥ (d = 012)
¢ = size of the tolerance zone a8 measured parallel to ¥

Figure 3)!Sillustraics a circular ranont 1olerance zome on & nencylindrical surfzce
of revolution.
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{b} Confurmanee. The circular element through a surface point !j_Y conforms io the
circular runoul tolerance & for a given mating surface if all peints of the circular eie-
ment lie within some circular ronout 1olerance zone as defined before with ¢ = tg. That
is, there exists o such that with 1 = 4, all points of the circular clement are within the cir-
caiar runout tolerance zone.

A surface conforms 1o a circular runout tolerance &y if all cireular clements of the
surface conform to the circular runout tolerance for the sume mating surface,

{c) Acrual value, The actual value of circular runoui for a surface constructed
around a dalum axis is the smatlest circular runout tolerance to which it witl conform.

Toral Runont
Surfaees Construcied at Right Angles to a Datum Axis

(a) Definition. A tolal runont tolerance for a surface constructed at right angles
to a datum axis specifics that al points of the surface must lie in a zone bounded by
two patallel plancs perpendicnlar to the daiom axis and scparated by the specificd
toderance.

For a surlace constructed a1 right aI%]es 1o a datum axis, & tolal runout tolerance
zone is a volume consisting of the poinis P satisfying

-._f-

D, - P— B = p 2.7
where
131 = dircction vector of the datum axis

B= pusition veetor locating the midplane of the olerance zone
7 = size of the wlerance zone (the separaiion of the paralle! plancs)
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{b) Conformance. A surfuce conforms 1o the total runout tolerance & if all moints
of the surface lie within some total runoul tolerance zomne as delined belore with 1 = 1
That is, there cxists B such that with ¢ = o, alt pomnis of the surface are wilhin the total
Tunout zone.

{c} Actual vaiue. The actual value of total runout for a surface consiructed at right
angles 10 a datem axis is the smallest 1otal Tunout tolerance to which it will conform.

Surfaces Constructed Aromnd 2 Datam Axis

{a) Definition. A total runout tolerance zone for @ surlace construcled around a
datumm axis i§ a volume of revolution generated by revolving an arey about the datum
axis This area is penerated by moving a line segmenl of length ry, where 4 is the Speci-
fied tolerance, along the desired contont with the itne segment kept normal to, and cen-
tered on, the desited contour at cach poinl. The resulting tolerance zone js a volume
between two surfaces of revolutjon separated by the specitied (olerance, N

Given g datum axis define by the position vector & and the direction veclor .
ket bea point on the daium axis Jocating one end of the desired contour, and let » be
the distance from the daium axis to the desired comtour a4 point #_"Then, for o given ¥
and r, Jet C'(ﬁ, rj denote the desired coniour, {Note: Pomnts un this cuntonr can be rep-
resented by {4, r + fd)], where o is the distance atong the datum axis from E’.} For each
possible C‘(B‘), 7). total runout tolerance zone is delined as the sel of poinis P satisly-
ing the condition

F=Pls,. st {328y
2

where

P projection of & onto the surface generated by rotating C(ﬁ_ r} aboul the
daium axiy

= size of the (olerance zone, measurcd norpral to the desired contour,

(b) Conformance. A surface conforms to a Lotz runout tolerance m il all Joints of
the surface fie within some toial runout lalerance zonc as defined before with ¢ = fo.
That is, there exist B and r such that witl 1 = fo, all poins of the surface are within the
total runow tolerance zone,

() Actun! value. The actual value of total runcul for o surface constructed round
a datum axis i the smallest total runoul toierance 1o which it will conform,

B2 VT Free state variation, Free-statc varialion is & lerm used to describe
distortion of a part after removal of [orces a pplied during manufacture, This distarijon
15 principaily due (0 weight and Nexibility of the part and the release of internal SIresses
resulting from fabrication. A part of (his kind, for example. a part with a veTy thin wull
in proportion o its diameter, is referred to ag 4 non-riged part. In some eases, it may be
required that the part meet its tolerance requirements while in the froe siate, In others,
it may be necessary 1o simulate 1he mating purt intetlace in order 1o verily individual
or related feature tolerances. This is done by restraining the appropriate festures. The

o
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restraming forces are those that would be exerled in the assembly or functioning of the
part. However, if the dimensions and tolerances are el in the free state, il is usually
not necessary 10 restrain the part unless the ellect of subscguent restraining forces on
the concerned features could cause other features of the part (o exceed specilied limiis.

3.3 Interpreting Geometric Specifications
Hole size and position
We will use the simple part shown in Figure 3.16 to illustrate how position and feature

size interact. The part is first specified using the modifier.

_lLo+0a01

L s @

RREVA
e RGP ... 200 £ 005

—— — 15

[&] | [c]

i
r i 10| oso+om

Figure 3-16 Part to illustrate true position
Xwm — the largest value for x
Ywm — the largest
X’m— the smallest value for x
Y’wm — the smallest value for y

INTERPRETATION
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The size of the hole feature can be from 0.99 to 1.01. The MMC diameter for the

hole is for a size .99. For the example:

O (actual) | ®

99 0.03
1.00 0.04
1.01 0.05

For D* (the actual measured value), the position tolerance will vary depending on
the hold diameter. If D* = 0.99, then the allowable location error is contained in a
circular region of diameter 0.03. If we seek to compute Xy, then the maximum size will
correspond to a location residing as far right of Datum-A- as allowable. In this case,
1.5+.03/2 =1.515. Subtracting D*/2 (0.99/2) from this yields Xy to be 1.020.
Interestingly for any acceptable value for D and true position, Xy will remain the same.
This is because of the way that MMCs are specified. Xy in this case will provide a
maximum acceptable boundary for any acceptable diameter, D* and acceptable position
tolerance zone. X’y will provide the same acceptable boundary for the right side of the
hole. X’ - Xm Will yield the maximum diameter that will always assemble into the hole.
The same calculations can be made for Yy and Y. The calculations will produce the

same diameter.

The tolerances for the symmetric features (holes) are now specified using Form
Geometry symbols, e.g., ®, O, //. The hole features in the figure are specified as
MMC entities. This means that a virtual size for assembly is specified. This virtual size
is specified as the MMC for all of the part features, and represents the minimum opening
for all such labeled entities. For female features such as holes, the virtual size is

specified as:

Ev = Es- Ts- s (3 29)

where: gvis the virtual size of the feature
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€s IS the nominal size specification of the feature
Ts IS the negative tolerance specification (for holes)
Vs is the form geometric value (for holes)

For male features, such as a shaft, the virtual size is specified as:

Ev = &t Ts+ s (3.30)

For the hole shown in Figure 3-10, the virtual size of the hole is:
&v = 1.000-0.01-0.03 = 0.96 inches

Virtual size information is useful for a variety of reasons. It can be used to
determine assembleability, interference, etc. The virtual size for the part in Figure 3-16 is
shown in Figure 3-11. As can be seen in the figure, the virtual size is the maximum
material condition for the entire part. It represents the silhouette for all possible
combinations of acceptable parts stacked on top of each other. Therefore it provides the
condition for which all mating components can be assembled. This is a key feature for
design as well as for inspecting components. It also only relates to parts specified using
the MMC modifier.

- 3.07 —

Figure 3-17. Virtual size for the part shown in Figure 3-16.
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Inspection equipment can be broadly classified as general-purpose or special-
purpose equipment. To measure reasonably simple parts or very low-volume items,
general-purpose inspection equipment is normally used. To inspect very intricate and/or
high-volume parts, special gages are normally designed in order to reduce the amount of

time required for the (calibration and) inspection process.

For the part shown in Figure 3-16, a single datum set is used and the lone feature
on the part is specified with a MMC modifier. Because of the interpretation above, this
means that a virtual part exists and that special gages can be used to inspect the part,
rather than having to use general purpose gages, such as micrometers and/or Vernier
calipers. This can significantly reduce the inspection time and improve the quality of the

inspection process.

In order to inspect the part, “snap gages” would be used to qualify the size
requirements for the block portion of the bracket. The GO size is set to the largest

acceptable size dimension and the NO GO size is set to the smallest acceptable size.

Figure 3-18 Snap gages for the part height

The snap gage to inspect the part height in Figure 3-16 is shown in Figure 3-18. Similar
snap gage for the width and depth would be used.

For the hole feature, a typical GO and NO GO gage can be used. The Plug gage
to inspect the hole in the sample part is shown in Figure 3-19
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.

GO GAGE
0.990

NO GO
GAGE 1.01 |

T T

Figure 3-19 A typical plug gage used to inspect a round hole.

In order to inspect feature location for the hole, a location gage would be used.
The size for the “pin” locator is determined using

Dp = Dy — @ wm (for hole features)
Dp = Dm + @ wm (for shaft features)

The location gage for the part would look like the gage shown in Figure 3-20.
Note that the location planes correspond to datum surfaces —A- and —B-. The standard

for gage accuracy is that it should be at least 10 times more precise than the part.
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Figure 3-20 Location gage for illustrative parts

The inspection schema described will only work for parts qualified using MMC.
If the hole were specified for RFS or LMC then conventional inspection equipment

(micrometers and Vernier calipers) would have to be used.
3.4 Multiple Part features and datums

In the previous section, we looked at interpreting a part with a single hole feature.
In this section, we will begin with a similar part with three holes and a single datum. We
will then alter the specification of the part from one datum to two datums, and discuss the
why and hows of interpreting the part. This has become more and more of an
engineering requirement, because part datums are used to define critical relationships and

dependencies that features have to other features.
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Figure 3-21. Sample part with three hole features.

We begin our discussion with the part shown in Figure 3-21. The part is a simple
component with three hole features are all specified from a single part datum. The part is
further specified using MMC modifiers. Each of the hole features on the part can again
be treated as independent features with one part coordinate system. Each of the holes is
interpreted with respect to the part coordinate system or datums A — B — C . The part
height, width and depth would again be inspected with snap gages (given that a high
enough volume was to be inspected). The holes would also be inspected with plug gages.
This part of the inspection would insure that all of the part sizes were either within
specification or that the part was defective. The last component to inspect is the location
of each of the holes. Since there is only one datum and all of the features are called out
with an MMC modifier, a virtual part exists and a location gage can be used to inspect the

hole locations. The diameter for the pins would again be calculated by
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Dp=Dm- ®wm

or Dp<large> = 0.495 - 0.010 = 0.485
and
Dp<small> = 0.247 — 0.007 = 0.240

Since all three holes are called out from the same datum set, all three hole locations can

be assessed using a single location gage. The gage to inspect this part is shown in Figure

3-22.

i 2.250' -
L. [f500]—
Czsq] |
o — SEXOEER
pemea 0.495 dia
0.75

\&/ | +-0.000¢ 0,485 + 0.0005

.\\\leﬁqle? @
0.240 +0.0007 7w ¢|e]o]

—~t 3.000 +/- .010—— ————

7

Figure 3-22 Location gage for part shown in Figure 3-21.

A small variant in the part is shown in Figure 3-23 . In the figure, the dimensions are all

the same as previously. The only difference is that a second datum set is used to define
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the location of the two smaller holes (C — B — D ), and datum D is qualified at MMC.
The reason for qualifying a part like this might be that the larger hole might serve as an

anchor for a part with two smaller pins fitting into the other holes.

T N
() 0.010 (M)

cis [A]

— 0500dia
+/—=0.005

5

o Q -+ Al 180

.

| o2s00a  []007 W] CIB D)
+/— 0,007 T

- 3.000 +/- .010 _
| . 0.250 +/— 010 —

—1?—'-—!

N O s

Figure 3-23 Part similar to the part shown in Figure 3-21 but with two datums.

The size features for this part would again be inspected as they were for the previous part.
The location requirements however will be very different. The large hole is called out
with respect to the major part coordinates ( A- B- C), so it will be inspected in much the
same manner as for the previous part. The location gage for the large hole is shown in
Figure 3-24. Since there are two datum that are used, the location for all of the holes can
not be qualified at the same time — a second location gage will be necessary. The location
for the small holes is called out with respect to datum C — B — D. These datum will

provide the locating surfaces for the smaller holes. Location for the smaller holes will
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now be qualified in the original part A axis using the large hole (datum feature D). The

location gage for the small holes is shown in Figure 3-19.

- 11.50(‘.li _—

] T : ' SEXONEE
E\E - : /_, I . +0.-’-—4gj‘08g5
-._":f-- \+ iy
E'
3.000 +/~.010 !
— e
e | |
] L__J
[c] l

_ |
Figure 3-24 Inspection location gage for large hole.

The gage in Figure 3-24 is just like the previous gages that were developed. This is
because the large hole is called out using an MMC maodifier and the hole is referenced
from the general part coordinate system (datum). The gage shown in Figure 3-25 is
different in that rather than using a plane to locate from the part’s —A- datum, the large

hole is used (at MMC) to position the small holes in this direction.
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Figure 3-25. Inspection location gage for smaller holes.

3.4.1 Multiple datum parts

Parts often have inter-feature functionality, in that a component may assemble
over 2 or 3 features where the performance is related to how a feature relates to another
feature. In this case, multiple datum are used to characterize this functionality. The part
shown in Figure 3-26 has two distinct datum, where the circular boss relates directly to
the major part coordinate system. The hole on the boss requires a special location
relationship with respect to the boss itself. In this case the boss becomes a datum for the
part (-F), and the hole on the boss is called out with respect to the boss at MMC. In many
cases this implies that the boss will first be machined and then the part will be refixtured

with respect to the boss rather than the original part coordinate system. This part is
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another part that would require two different location gages to fully qualify: first, the

gage to qualify the boss, and then a gage to qualify the hole on the boss.

do00 _ | _ . A, W N
+.010

2000 BASIC

| &

5 C 12000 + 010 M D629 05
[ #2000 SOE B-C |

s

' ol - l
HE | :
T | b B | 0.250 1010
0123 * 0010 : ! T | ,;J
Scalc: nene

Figure 3-26 Part with 2 different feature datums.
3.4.2 Limitand Fit

Since Whitney first demonstrated the concept of interchangeable parts, fit has
become a critical manufacturing issue. In fact, a tolerancing system for mating
components was developed as part of both U.S. Standards and International Standards
(1SO) [Gooldy, 1999] [ISO286-1]. This standard provides a table of recommended

specifications for hole/shaft fit for various functionalities.



Three classes of fit are used to specify mating interaction. These classes of fit
are: (1) clearance fits, (2) transitional fits, and (3) interface fits. Figure 3-21 illustrates
this basic concept. As their names imply, a clearance fit indicates that a clearance
remains between the shaft and the hole after they have been assembled, allowing the shaft
to rotate or move about the major hole axis. The USAS standard uses nine subclasses of
fit to describe hole/shaft fit. These subclasses range from RC1, a close sliding fit where
no perceivable play can be observed, to RC9, a loose running fit where the shaft fits more
loosely into the hole. The designer simply selects from the subclasses the one that best
fits the needs of the part, knowing that the higher the specification subclass, the less
expensive the manufacturing.

Transition fits are normally used to specify tolerance for parts that are stationary.
Location clearance fits (LC1 to LC11) are used for parts that are assembled together and
can be disassembled for service. The accuracy for these components is not exact.
Transition location fits (LN1 to LN6) are specified when the location accuracy is of

importance but a smaller clearance or interference is acceptable.
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Figure 3-27: Preferred metric limits and fits. (Copied with permission from
ASME Y14.5 - 1994)
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Figure 3.27
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Figure 3.27 (cont’d) Hole basis fits.

39



Hole | eqy Other Limits & Fits Standards:
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AUSTRALIA AS 1654
FRANCE NF E02-122
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Figure 3.27 (Cont’d) Shaft basis fits.
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Location interference fits (LN1 to LN3) are specified when both rigidity and
accuracy are required. Location interference fit parts can be assembled and disassembled
but not without special tooling (usually a shaft or wheel puller) and considerable time.
Other interference parts normally require special operations for assembly. Tight drive
fits (FN1) are used on parts requiring nominal assembly pressure. Force fits (FN5) are
used for drive applications where the hole element is normally heated to expand the
diameter prior to assembly. Tables that contain the specification for various classes of fit

are available in most design handbooks.

3.5 Chapter Summary

In this chapter, we presented the basics of ASME Y14.5 along with discussions
on the use and interpretation of this standard. As engineering products become more
complex and as tolerances get smaller and smaller, the need to more precisely describe
the acceptable part variability becomes greater and greater. The chapter provided many
simple parts to illustrate the basic concepts of form and location. Although the parts used
in the discussion were simple, they illustrate the same interpretation specifics that one
would find in a more complicated part. Most times, part complexity is more related to

the number of features on a part rather than the interactions of these features.
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3.6 Review Questions

3.1 Describe why ASME Y14.5 is important for product specification.
3.2 What is virtual size? What are the specification requirements to have a virtual size?

3.3 What are the different classes of fit? Describe specific instances when these classes
would be used as part of a design.
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3.7 Review Problems

3-1. For the part shown below, determine the maximum and minimum value of the
dimension labeled as X.

(8]
TI5+ 50 +
001 | .010 <+ 40BSC >
— 3 L Tle— | i 0.500 +.003 SHAFT
| | / | ¢0.005(M |A|D(M
i i
T i i
| |
4.0 +.010 i X—»
|
] . . f
—> 1_5Bsd<— : 2.0BSC
| |
b e
A +— 75+.010 \—>
0.750 +.007 DIA
1L |{ooo@™|ABIC
-D-

3-2  For the part shown in 3-1, draw the VIRTUAL SIZE (if there is one) as well as
the gaging (if any can be used) that would be required for inspection of the part.
Assume that the part is a high volume product.
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3.3 For the part shown below, describe how the part would be inspected if it were to
be produced in large quantities. What is the minimum and maximum acceptable value
of X?

2500 1.0
< +.010> +.0k 2 HOLES

| | 0.500 +.003 |44 0.005 @ ABC

_l _______ / ........... (D) w-f= 3000+0010

1.500 ! !
| : |
oL ke x o
A] ! ! 64 !
T T T f
b P 0500 [~ R 0.990 + 0.002
m L L +.005 L v

—i@8— Eg —

<—— 6.000+0.010 —>

44



3.4 For the part shown below, describe an efficient inspection schema if thousands of
parts will be inspected.

E‘_ 4.4375 BSC

3 HOLES EQUALLY SPACED

0.750 + 0.003

5.375 + 0.01(

|

FD] Fooos (W [oW) c-A]

__________ -

2.6875 BSC

l

4.000 DIA BASIC

[A]
0.500 + 0.008

K P 0003 | AB-C |

|-_D-|

b
0375+ 0.010
T e
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3.5 For the part shown below, develop an efficient inspection schema for inspecting
thousands of components. Does the schema change if the modifier for position is
changed from RFS to MMC?

8 HOLE ©.500+.008

[elduEolclsls) \
!/l
-@_ 4,500,005
[A ] (400 \—a.7501‘008 [&]
, [ [A0e LTzl
1 1 [
| kR ii:il[ 1kl | s00+.005
[ i e | HC_|
8.00+£.005 i

NOTES: Raw Material
87X4.5"X0.5"
Cold Rolled Steel
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