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24.1 List of Symbols (Definitions and Terminology)

a Rotation error between parts

b Installation angle of modified alignment pins

d Translation error between parts
Standard deviation

@, or D1 and Do The diameter of the clearance hole(s) or the diameters of the first and
second clearance holes

(Z)p or Qpl and Q)pz The diameter of the alignment pin(s) or the diameters of the first and
second alignment pins

c A measure of the clearance between alignment featuresin an assembly

Chom The clearance cal cul ated using the nominal dimensions

cte Coefficient of thermal expansion
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perp, or perp,, and perp,,
perp, or perp,, and perp,
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24.2 Introduction

Distance between the center of the clearance hole and the edge of the
part

Distance between the centers of the clearance holes

Distance between the center of the hole and the center of the slot
Distance between the centers of the alignment pins

Distance between the centers of the alignment pinsin the x direction
Distance between the centers of the alignment pinsin they direction
Length of slot

Perpendicularity of the clearance hole(s) or the perpendicularity of the
first and second clearance holes

Perpendicularity of the alignment pin(s) or the perpendicularity of the
first and second alignment pins

The distance from the center of the pin to the flat
Width of slot

The use of pinsisthe most common way of precisely controlling the alignment of mating parts. Even
children’ s inexpensive plastic models use pins molded into the plastic to help maintain the alignment of
the glued sections. Theremay be, however, asmany different methodsfor dimensioning pinned interfaces
asthere are designsthat use them. This section includes five of the more common design configurations
using straight pins. Fit, rotation, and translation performance criteria along with Six Sigma dimensioning
methodologies will be included for each configuration and manufacturing process. The reader can use
thisinformation to compare the differencesin performance between the avail abl e options and choose the
most appropriate one.

Ultimately, the goal of this sectionisto provide acommon methodol ogy for selecting and dimension-
ing apin configuration. If implemented successfully, engineers with the same knowledge about the avail-
able pins and manufacturing processes will design similar assemblies identically. This standardization
resultsinlower costsin several areasof the business. Although this section only presentsalignment pins
pressed into interference holes, these principles can be extended to other applications.

Before considering the method of aligning parts, the engineer must understand the requirements.
Often the requirements handed down from customers are vague, so best estimates of actual requirements
are needed. When making these estimates, keep in mind that “as good as we can do” too often is
synonymous with “as expensive as we can makeit.” The goal of the design process should beto deliver
aproduct to customersthat meetstheir expectationsat thelowest possible cost to the company. Sincethis
chapter deals with making tradeoffs between performance and relative costs, it would be useless to the
engineer wishing to design a product with only the best performancein mind.

24.3 Performance Considerations

Alignment pinstypically have three performance requirements:

* The parts must fit together.

® The pins should minimize the permissible transl ation between the two parts.
* The pins should maintain orientation between the two parts.
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These three performance criteriawill be evaluated for each design configuration.

Unfortunately, the engineer must make a tradeoff between the first and the last two performance
requirements, asthey are mutually exclusive. In order to ensure the partsfit together, the clearance holes
must have sufficient clearance to compensate for the positional variation of the pins and the holes.
However, clearance between the hol es and the pins degrades the ahility to align the partsto one another.
We must therefore balance the ability to assembl e the parts against the alignment between the parts after
assembly.

For all the design configurationsin thissection, the cal culation of therotational error at eachinterface
can be simplified to take the form of the following equation:

_ constant
A==y (24.2)
p

where constant is a function of the design configuration and manufacturing processes. In all but one
design configuration, dp referstothetotal distance between thetwo pins. Inthe case of two pinswith one
hole and edge contact, only the distance between the two pinsin adirection parallel to the edge contact
of the second pinisimportant. See Fig. 24-10.

Eq. (24.1) enables the development of tables of constants for design types, all ocation methods, and
manufacturing processes. Tables 24-3, 24-5, 24-7, 24-9, and 24-11 present these constants for various
design types. These tables also include constants for translation.

24.4 Variation Components of Pinned Interfaces

Alignment pins contribute to the assembly performance variation in two ways:
* Themovement due to clearances between the parts (interface error).
* Theabhility tolocatethe pins/clearance holeswith respect to adatum reference frame (positional error).

If the design involves only two parts with critical placement requirements, we can eliminate the
second source of variation by using the pins/clearance holes asthe datumsfor the parts. However, many
timeswe havethree or more partsthat must retain alignmentswith respect to each other and cannot avoid
the error of positioning the pins relative to another set of pins.

24.4.1 Type | Error

Fig. 24-1 showstwo similar designsfor maintaining the alignment of theslotsin parts1 and 2. Inthefigure
ontheleft, part 1 usesthe clearance holes as the datum reference frame (DRF), and part 2 hasthe pinsas
the DRF. In addition to the variations of locating and orienting the slots to their respective DRFs, the
alignment pin interface adds error caused by the clearance between the holes and the pins. Since this
clearanceis necessary for assembly, it cannot be eliminated. However, the pins and holes are the datums,
so the design does not have additional variation of locating the holes and pins with respect to another
DRF. This type of design has only Type | error consisting entirely of clearance between the alignment
features.

24.4.2 Type Il Error

The design on the right side of Fig. 24-1 adds two parts, 3 and 4, to provide additional separation between
parts 1 and 2. Again, alignment between the slotsin parts 1 and 2 is critical, so the two additional parts use
aignment pins. Parts 2, 3, and 4 usethe pinsastheir DRFs, and part 1 still usesthe clearance holesasthe DRF.

Asinthedesignontheleft of thefigure, theerror between theslotsincludestheerror of locating and orienting
the slotsto the DRFs of parts 1 and 2 and the errors induced by the tolerance stackup of alignment pins.
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Figure 24-1 Examples of design cases
Typel Tvoel  Typell  Typell for alignment pins showing Type | and
Type Il errors

Inthisdesign, however, there are three alignment pin interfaces. The interface between parts 1 and 3
isidentical to the single interface in the design on the left. Therefore, the error between parts 1 and 3 is
Typel error. Though theinterface between parts 3 and 4 appears to be the same as between parts 1 and 2,
thereis an additional contributor because the clearance holes on part 3 are not the datums. To determine
the error between the DRF of part 3 and the DRF of part 4, we must include both the error at the pin
interface due to clearance (similar to Type | error) and the error associated with locating the clearance
holes of part 3 with respect to the pins of part 3. This combined error iscalled Typell error.

Most designs will have one Type | error and a Type Il error component for each additional part
beyond theinitial two. It ispossibleto conceive of designsthat don’t follow thisrule, but they are not as
efficient at minimizing the total alignment variation between critical features. The engineer should there-
fore strive to follow this tolerancing methodology when using alignment pins.

24.5 Types of Alignhment Pins

All thedesigns considered in this section use two pinsto align mating parts. Before we can establish aset
of common design characteristics for the different configurations of alignment pins, we must first deter-
minethe setsof pinsto be used. For thisbook, wewill use .0002" oversized pinsdefinedin ANS| B18.8.2-
1978, R1989 for the round pins as shown in Table 24-1.

In addition to the standard ANSI pins, some design configurations use one modified pin with one
round pin to improve performance. These designs do, however, increase the cost. The purchased round
pin must be modifiedand carried as aseparate part in acompany’ sinventory. Depending upon the size of
the company using the part, the administrative costs of carrying an extrapart can be significantly greater
than the costs associated with creating the modified pin. The engineer must therefore make sure that the
gainin performance isworth the additional cost of creating a new part.
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Table 24-1 Alignment pins per ANSI B18.8.2-1978, R1989
- | —————————————
4°-16°
) Ry
T ] |
B — - - - A
f |
‘L C
Nominal Size | Pin Diameter, | Point Diameter, Crown Common Double
or Nominal A B Height or Lengths Shear
Pin Diameter Radius, C Load, Min,
Nom Ta Nom Tad Nom Tal Ibf for
(PPPP) Carbon or
Alloy Steel
116 | .0625 .0627 053 014 .006 =2, 800
3/32 | .0938 04 034 0215 | .009%5 -1 1800
1/8 1250 1252 115 005 0285 | .0125 3, -2 3200
3/16 | .1875 1877 175 0425 | 0195 Y, -2 7200
14 2500 2502 235 057 026 Y, -2, 12800
516 | .3125 3127 .296 .006 0715 | .03% Y, -24, 20000
3/8 3750 3752 | £.0001 | .358 .086 039 Y, -3 28700
7/116 | 4375 A377 A17 1005 | .0455 Ty -3 39100
12 5000 5002 479 .008 115 052 ¥, -4 51000
5/8 6250 6252 603 143 065 1%, -5 79800
3/4 .7500 7502 725 A72 078 1Y, -6 114000
7/8 8750 8752 850 010 201 092 2-6 156000
1 1.0000 | 1.0002 970 229 104 2-6 204000

Another factor that may increase cost (if not performed properly) is pin installation. Modified pins
must be aligned correctly to provide abenefit. Proper install ation means having the center of the cutaway
side(s) inlinewith the plane passing through the centers of thetwo pins. If the pinsareinstalled correctly,
the sides that are cut away provide additional clearance in one direction that can accommodate the
variation in the distance between the pin and hole centers. This additional allowance allows the nominal
size of the clearance holes to be reduced, thus reducing the translation and rotation errors through the

interface.

The pins’ improvement diminishes as the installation angle varies. Since pininstallation is a manual
operation, all analysesfor thesetypesof pinsassumethat thepinisinstalled 10° fromtheideal installation

angle.
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Two configurationsfor themodified pinwill be discussed—adiamond pinand aparallel-flatspin. Fig.
24-2 showsthetypical cross-section of each pin. Both of them are fabricated by modifying the pinsfrom
Table 24-1—usually by grinding theflats.

Diamond Pin Parallel-Flats Pin

33(250 — - <—% @D

AN
i
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@D
24.6 Tolerance Allocation Methods—Worst Case vs. Statistical

Figure 24-2 Two common cross-
sections for modified pins

As mentioned in previous chapters, there are many waysto analyze (or allocate) the effect of tolerances
inan assembly. The most common and simple method isto assumethat each dimension of interestisat its
acceptable extreme and to analyze the combined effects of these “worst-case” dimensions. This method-
ology isvery conservative, however, because the probability of all dimensions being at their limit simul-
taneoudly is extremely small.

An approach that better estimates the performance of the parts is to assume the dimensions are
statistically distributed from part to part. The analysisinvolves assuming adistribution, usually normal,
for each of the dimensions and determining the combined effects of the individual distributions on the
assembly performance specifications. All of the statistical tolerances in this section have Six Sigma
producibility (based on the process capabilities in section 24.7), and all of the statistical performance
numbers have Six Sigma performance. In other words, 3.4 out of every million parts will have features
within theindicated tol erances, and the same percentage of assemblieswill fit and will meet thetranslation
and rotation performancelisted. (See Chapters 10 and 11 for further discussion of Six Sigmaperformance.)

Tables 24-4, 24-6, 24-8, 24-10, and 24-12 use the sty symbol for all tolerancesthat result from statistical
allocations. The engineer may want to use the following note on drawings containing the (st symbol:

* Tolerancesidentified statistically <sr» shall be produced by a process with a minimum Cpk of 1.5.

If the anticipated manufacturing facilities do not have methods to implement statistical tolerances,
the engineer may opt to remove the <sr) symbol. Without the symbol, though, the engineer assumesthe
responsibility of the design not performing as expected. (Refer to Chapter 11 for further discussions
regarding the <ty symbol.)

24.7 Processes and Capabilities

This section will evaluate the differences between three different methods of generating the holes for
alignment pins. These processes are:

* Drilling and reaming the alignment holes with the aid of drill bushings.

* Boring the holes on anumerically controlled (N/C) mill.

* Boring the holesonalig Bore.
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Though there are other methods of generating holes, these are the more common ones with readily
available capability information. The principles devel oped in this chapter can be extended to other manu-
facturing processes.

In the absence of general quantitative information about the capabilities of various machining pro-
cesses, we must estimate an average capability. Though few sources provide true statistical information
regarding these processes, we can make some assumptions based on recommended tolerances and his-
torical quality levels. One such source of information is Bralla sHandbook of Product Design for Manu-
facturing (Reference 1). Init, the author provides many recommended tolerances for arange of manufac-
turing processes.

First, we will assume that the variation of the processes included in this section is normally distrib-
uted. Since historical estimates of acceptable producibility have been based on tolerances at three stan-
dard deviationsfrom the mean, wewill makethis same assumption about the recommended manufacturing
tolerances in Bralla's handbook. However, as discussed previously, Six Sigma analyses typically use
short-term standard deviations, but these tolerances are more likely to be based on long-term effects.
Therefore, it isreasonable to assume these tol erances represent four sigma, short-term capabilities. Table
24-2 presents the standard deviations used for all analysesin this section.

Table 24-2 Standard deviations for common manufacturing processes (inches)

Process
Drill and Ream N/C JigBore
with Bushings Boring
Hole Diameter .00025 .00025 .00013
Hole/Pin Perpendicularity .00016 .00013 .00006
+ Distance From From Part Surface .00250 .00200 .00100
Target Position From Ancther Hole .00063 .00050 .00025

Anadditional assumption concerning the perpendicularity of aholerelativeto the surfaceinto which
it is placed is necessary for these analyses. Because Bralla doesn’t include a standard deviation for
perpendicularity, we will assume that the variation due to perpendicularity error is one-fourth of the total
variation of the true position of a hole relative to another hole.

24.8 Design Methodology

Fig. 24-3 showsaflowchart for the design process using alignment pins. Thefollowing paragraphsexplain
the stepsin more detail:

1. Selectapinsizefrom Table 24-1. The decision on which pinto usewill be driven by the geometry and
mass of the mating parts or subassemblies. The ability to assemble and align the mating components
is not a function of pin size or length, so this decision should be made without regard to these
parameters. Keep in mind that for alignment purposes the pin need only protrude above the mating
surface far enough to engage the clearance holes completely. Any additional length will only make
assembly more difficult.

2. Once you have chosen the pin diameters, determine the maximum distance between all sets of pins.
The least expensive design alternative that an engineer can choose to have the most significant
improvement on the alignment performance of pinned interfaces is to move the pins as far apart as
possible. Keep in mind that the walls around the pinholes, especialy the interference holes, should
have sufficient thicknessto hold the pin and prevent part deformation, as thiswill affect alignment.
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1) Select pin size from Table 24-1

v

2) Determine the maximum distance between all pin sets

Y

3) Assume worst-case allocations with the cheapest process

Y

4) Determine tranglation & rotation error at each interface -
remember to divide rotation constants by do (or dpx)

v

5) Worst case allocation - add all worst-case errors, or
Statistical allocation - add fixed errors and RSS standard deviations

A

Changeto statistical
allocation or choose more
capable processes. Also
consider using amore
accurate design
configuration

Q Use appropriate figures and tables to dimension parD

Figure 24-3 Design process for using alignment data
3. Start with worst-case tolerance alocation with the least expensive process — usually drilling and
reaming with the aid of drill bushings?
4. Determinethetranslation and rotation errorsat each interfacefrom thetablesinthissection. Thereare
afew important things to remember:

* Most assembly stackups will have one Type | error and an additional Type Il error for each part
beyond two.
* Therotation constants must be divided by d  (d, for two pinswith one hole and edge contact) to
determine the angular error occurring at the interface.
5. If performing a worst-case allocation, add al of the translation errors and rotation errors for each
interfaceto determinethetotal errorsoccurring through the assembly. Also add to thisthetranslation
and rotation errorsof thefeatures of interest with respect to their datum reference frames. For example,

6) Total error
within
specification?

1 There may be caseswhere drilling/reaming is not the least expensive method. If relatively few partswill be made over the
life of the project or if drill fixtures are overly expensive, N/C milling may be a cheaper alternative. Communication with
the manufacturing shops is essential in order to make wise tradeoffs between cost and function.
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if performing an analysis on the slotsin the design shown in Fig. 24-1, we would need to include the
variations of the two slotsrelative to their respective DRFs of parts 1 and 2.

If performing astatistical allocation, the translation and rotation at each interfaceis comprised of two
components—thefixed error associated with the nominal clearance between the hole and the pinsand
the standard deviation resulting from variation in the hole diameters. For statistical evaluation, the
engineer should add each of the fixed error terms and then apply the assembly standard deviation to
determine assembly performance. The assembly standard deviation is the root of the sum of the
squares (RSS) of the standard deviations at each interface, as shown in the following equation:

— 2 2 2
s aSW—Jsl +S 5 4. +S ]

Once you determine the assembly standard deviation, multiply it by six and add it to the fixed portion
of the assembly variation to determine the Six Sigmatranslations and rotations for the assembly.

Now compare the predicted performance numbers with the specifications. If the predictions meet or
exceed the requirements, continue to Step 7. If the rotation performance is unacceptable, you must
select either another all ocation methodol ogy, another manufacturing process, or type of design at the
interfaces. If performing aworst-case analysis, changeto astatistical allocation with the same manu-
facturing processes and go back to Step 4. If performing astatistical allocation, select amore capable
process with a worst-case allocation and go back to Step 4. Finally, you can always select a more
precise design configuration and go back to Step 4. The point of thisiterative processisto start with
the least expensive of all options and only add additional cost to gain performance as necessary.

If the rotation performance is acceptable but the translation is not, an additional option to reduce the
translation error isto use two different clearance hole diameters. This method can only be applied to
interfaces using two holes. If the engineer reduces thefirst clearance hole nominal diameter (the one
for the round pin in interfaces with diamond or parallel-flats pins) and increases the second by the
same amount, translation error decreases by one-half of the amount the hole diameter is reduced.

For worst-case allocations, the lower tolerances (tolerance in the negative direction) also have to
change by the same amount as the nominal diameter. For example, if you decrease the first hole
nominal diameter by .001, you must also:

* Increase the second hole nominal diameter by .001.
¢ Decrease the lower tolerance of the first hole by .001 (i.e., -.008 to -.007).

* Increase the lower tolerance of the second hole by .001 (i.e., -.008 to -.009).

For statistical allocations, the tolerances should not change. However, the engineer may wish to add
an additional feature control frame controlling the perpendicularity of thefirst clearance hole relative
to the mating surface as shown in statistical Callout B for the configuration with the slot. See
Fig. 24-9 and Table 24-6.

Regardless of thetol erance all ocation methodol ogy, the smaller hole should never be smaller than the
clearance holes specified for the configurationsinvolving aslot or edge contact. The partswill still fit
together and havethe samerotational error asbeforethe modification. Keep inmind, however, that the
center of rotation will no longer be the midpoint between the two pins, but will move toward the
smaller pinholeinterface in proportion to the amount of the hole diameter reduction.

Upon determining a combination of design configurations, manufacturing processes, and allocation
methods that meet the specifications, use the figures and tables to apply geometric tolerances to your
drawings. Thenominal clearance holediameter isfound by adding theconstantinthe GD& T tablesto the
pin diameter being used. Thisis represented in the tables as { .PPPP + constant} , where constant repre-
sentsthe nominal clearance between the hole and the pin. (See Tables24-4, 24-6, 24-8, 24-10, and 24-12.)
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All figures and most of the calloutsin thetables assume Type | interfaces. For Typell interfaces, add
the additional callout shown in the tables between the hol e/pin diameter specification and the feature
control frame(s) beneath it.

For example, if dimensioning aclearance hole that islocated with respect to aset of pinson apartin
aTypell two pin with one hole and edge contact interface, you should use the following callout:

+.0015
@.1280 . gg18

D 30064 Ol al 8O c D)
| | .0000@] D

Inthiscase, the pinsused inthe DRF for the part are datums B and C. The clearance holeisfor a@d.1252
pininthemating part. The part that engagesthishole mates against asurface defined asdatum D. The
first feature control frame controls the position of the clearance holes with respect to the DRF of the
part. The second one controls the perpendicularity of the hole to the mating surface.

All other features of the parts where alignment is a concern should be dimensioned to the pin/hole
DRF.

24.9 Proper Use of Material Modifiers

Because of the ability to inspect parts with gages, manufacturing personnel typically recommend using
the maximum material condition (MM C) modifier on as many features of size aspossible. Whilethe MMC
modifier makes sense with regard to thefit of the parts, its use can allow the other performance specifica-
tions dependent on the feature to have more error than originally anticipated. For example, if clearance
holesare sized tofit, then adding the MM C modifier will allow more variation than explicitly allowed inthe
tolerances but will not adversely affect the ability to mate the parts. If the holes are dimensioned to
another set of alignment features, the addition of the MM C modifier does increase the permissible trans-
lational and rotational errorsthroughout the assembly.
The problems can be avoided by using the following rules regarding material modifiersinthedesign
of pinned interfaces:
* For statistical toleranceallocation, use only regardless of feature size (RFS) for the alignment features.
* For worst-casetol erance all ocation, when the alignment holes or pins are used asthe datum reference
framefor therest of the critical featureson the parts, use the MM C modifier for the positional tolerance
with respect to other noncritical features and with respect to each other. All critical features will be
positioned with respect to the alignment pins or holesat LMC.
* UseeithertheRFSor LMC modifier for al other critical featuresof the parts. Thisnot only includesthe
modifier for the positional tolerance but also applies to any datums of size referred to in the feature
control frame.

All figuresin this section showing recommended tolerances follow these threerules.

One other important topic involving the MM C modifier isthe concept of zero positional tolerance at
MMC. All clearance holes with worst-case tolerance all ocation (except for the configuration involving a
diamond pin) usethistol erancing method. The principle behind the method isrelatively simple. If thehole
ispositioned perfectly, thenwecan alow itssizeto beassmall asthe outer boundary of the pin. However,
asthe hole diameter getslarger, it can also move and still be able to fit over the mating pin. If we wereto
use any number greater than zero in the position feature control frame, then the hol e diameter would never
be ableto be assmall aswhat is permitted when the holeis perfectly placed. Using zero position at MMC
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therefore maximizes design efficiency by allowing the engineer to be able to use the smallest possible
nominal hole diameter that still fits.

The unequal bilateral tolerance for the clearance holes using MM C represents the ideal manufactur-
ing target for optimum producibility. In other words, given the assumed standard deviationsin Table 24-
2, the predicted defect rate below the lower tolerances is the same as the predicted defect rate above the
upper tolerance. The sum of the two defect rates is 3.4 defects per million over the long term. The
explanation of the defect calculation is beyond the scope of this chapter. What isimportant is that the
nominal value should be the target for the manufacturing facilities. Many shops will not recognize this
fact, so the engineer may wish to include a note on the drawing stating that the optimal manufacturing
targets are provided by the nominal valuesfor all dimensions.

Notethat material modifiersare applicable only for worst-case methods. Statistical tolerance alloca-
tion for fit does not benefit, and may in fact be adversely affected by the use of material modifiers.

24.10 Temperature Considerations

The analysis of fit used to size the clearance holesis based upon assembly at 68° F.2 If the parts are made
from different materials and are to be assembled at temperatures other than 68° F, then the nominal size of
the clearance holes should be increased to account for differences in expansion of the two parts. The
additional allowanceis given by the following equation:

Dy =d 4Dy Hctel - cte,
where D, is the amount to increase each hole diameter, d is the distance between the pins, Dy is the
difference between 68 °F and the temperature at which the parts must assemble, and cte, and cte, arethe
coefficients of thermal expansion for the two mating parts. The effects of the differencesin expansion of
the pins and the holes do not contribute significantly and are not included in the above equation.
Increasing the nominal hole sizefor temperature effectswill increase the alignment error between the
partsif they are assembled at 68° F. The increase in translation is half of D, cal cul ated above and should
be added to thetranslation errorsin Tables 24-3, 24-9, and 24-11. Becauserotation isafunction of ]./dp and
the holes areincreased by afactor of dp, theadditional rotationisaconstant added to the original rotation.
The equation for rotation therefore becomes:

_ constant

+Dr fctq - ctey|

dpins
Thisequation should be used only when the clearance hol e has been increased due to arequirement
that the parts assemble at arange of temperatures and the parts are made of different materials.

24.11 Two Round Pins with Two Holes

Thismethod usestwo round pins and two clearance hol es. The advantage of this method over most of the
othersisthat this configuration requires |ess machining and uses no unmodified pins. Thismethod does,
however, requirethelargest clearance holes. Asaresult, performanceisworsethan all the other methods.
Since thismethod is one of the cheapest (except for two round pins with one hole and edge contact) and
most straightforward, the engineer should try this configuration first before proceeding to one of the
others.

°per ASME Y 14.5M-1994, Paragraph 1.4(k).
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24.11.1 Fit

Thefollowing isthe general equation determining whether or not the parts will assemble:

c :%(/Eh1 +hErp - gy - FEyp)- |dy - dp|° .000L (242)

Fig. 24-4 shows the variables of Eq. (24.2) graphically. Though Eq. (24.2) is useful for worst case
analysis, it cannot be solved statistically using partial differentiation. It can, however, be modified to
examine the condition of fit statistically by removing the absolute value, as shown in the following
equation:

1

o= 3 (@t o - B - o) (@ ) (243
The condition of fit using Eq. (24.3) becomes:

.000L £c£2x,,, - .0001

dh ———————————

Dh1 "\ /_ Dot th'—\ /_ Bz

_H_

LF

- Cc

Figure 24-4 Variables contributing to fit

e . T ——
’ of two round pins with two holes

24.11.2 Rotation Errors

The following equation gives the permissibl e rotation between the two parts:

é .2 U0

&, 2. 2 PE1+An2- Ap1-Ap20oTy

Adh +dp - . ~

1‘:3 2 z Y
a=cos ~¢ u
€ 2xdp >d u

€ u

é u

e G

Fig. 24-5 presents these variables graphically. Though Eq. (24.4) was used in determining the con-
stantsin Table 24-3, it does not resemble Eqg. (24.1). However, Eq. (24.4) may be simplified. If we assume
d,=d, b,,=9,,,9,=3,,,sin(@) »a (for small angles), and (&, - 3,)> » 0 when compared to 4xd,, thenwe
can smplify Eq. (24.4) to:
o= \En - £p)

= 245
dp (24.5)

The approximations made during this simplification are trivial and conservative (i.e., they result in
rotations that are slightly larger than would be calculated without making these approximations). The
simplified form of Eq. (24.5) isworth the slight additional error predicted.
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By - Bps I__\ Figure 24-5 Variables contributing to
-5 ah Dn2- Doz rotation caused by two round pins with two
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24.11.3 Translation Errors

The maximum translation between two parts can be found from the following equation:

d=2min(&,, - A&

2

Because of the min function, it is difficult to analyze this equation statistically unless one uses
simulation techniques. We therefore assume that the translation will be entirely controlled by the clear-
ance at just one pin — the one with the smallest clearance hole. This results in slightly conservative
performance limits.

pl 7’£Eh2 - 'CEpZ)

24.11.4 Performance Constants

Table 24-3 includes the performance constants for all design options for two round pins with two holes.
Remember to divide the rotation constants by d, to determine the rotation through the interface.

Table 24-3 Performance constants for two round pins with two holes

Worst-Case Statistical
Max Error Fixed Standard
Error Deviation
= % Translation (inches) .0052 .0028 .000125
Q @ | Rotation (incheradians) .0103 .0057 .0001768
g o= Translation (inches) .0043 .0023 .000125
p4
| == Rotation (incheradians) |  .0086 0047 | 0001768
o2 Translation (inches) .0023 .0012 .000065
- 9
@ Rotation (incheradians) .0046 .0025 .0000884
= % Translation (inches) .0092 .0028 .0006423
s oo
O " @ | Rotation (incheradians) .0184 .0057 .0009083
;;'i 0= Translation (inches) .0075 .0023 .0005154
I = Rotation (incheradians) .0150 .0047 .0007289
o2 Translation (inches) .0039 .0012 .0002583
= O
~a Rotation (incher adians) 0078 0025 .0003644
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24.11.5 Dimensioning Methodology

Fig. 24-6 and Table 24-4 present the recommended dimensioning methods.

—
7 /-—

Figure 24-6 Dimensioning methodol-
ogy for two round pins with two holes
(only Type | shown)

24.12 Round Pins with a Hole and a Slot

This configuration is very similar to two round pins with two holes except that one of the holes is
elongated, creating a short slot. The benefit of elongating one hole is that it eliminates the errors in
the distance between the pin centers and the distance between the hole centers from affecting the fit of
the two parts. Therefore, the slot need only be long enough to accommodate the positional variation
of the pins and the positional variation of the clearance features to one another. The slot is so short, in
fact, that someone looking at the part would probably not be able to discern which feature was the hole
and which feature was the slot.

Due to the critical tolerances on the width of the slot, the manufacturing shop should use multiple
passes with aboring bar rather than profiling the slot with aside-mill cutter. Ideally, the first finish-boring
passwill be at the center of the slot, and consecutive passes will be made on both sidesto form the slot.
This manufacturing method prohibits the use of areamer, so this section only considers N/C milling and
Jig Bore processes.

24,121 Fit

Because this design configuration allows the distance between the pins and the distance between
the holeand the slot to vary without affecting fit, the engineer need only be concerned with the size of the
alignment features and the perpendicularity of the alignment features to the mating surfaces. If we size
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Pinned Interfaces

Table 24-4 GD&T callouts for two round pins with two holes
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the holeto fit over thefirst pin, and then size the width of the slot to be the same as the hole diameter, the
partswill assemble. Thus, the condition for fitis:
c=/5, - perpy - A - perpp * .0001 (24.6)

We must also be concerned with fit in the direction of the slot, as shown in Fig. 24-7. In this case,
clearance can be determined by:

1
c :E(’CEh +lgor - ’CEpl' 'CEpZ)' (dhs - dp)

- Isiot -
dhs

N als 2\
Nt

+ ++ Wlot
_/ /1

- C

Figure 24-7 Variables contributing to fit
b of two round pins with one hole and one
slot

Sinceclearanceinthisdirectionisnot critical, the calloutsin Table 24-6 allow the slot width to vary by

+.005. Thistoleranceiswell beyond the Six Sigma capability but is not large enough to require excessive
slotting of the hole.

24.12.2 Rotation Errors

The rotation of the two partsis given by

€y 2 2 2 2 U
_ édp - Dslot thoIe' Dhole - dp\/dp - (Dslot b Dhole) ]
a = 2xtan 1e 0
g dp ><Dslot - DhoIeX\/d p2 - (Dslot - Dhole)2 g
where
eeth"LEpl(..j %Nslot"cEZ(.j
Dhole = é—: and Dslot = —pI
2 (%] g 2 %]
Fig. 24-8 presents these variables graphically.
{.\ dhs
Bh - D a Wer - & Figure 24-8 Variables contributing to
2 ’..\d % rotation caused by two pins with one hole

and one slot
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24.12.3 Translation Errors

Because the interface between the pin and the hole has the minimum clearance in all directions, it will
always control the transl ation between the mating parts. Furthermore, since only thisinterfaceisused to
determine the fit of the parts, one cannot reduce the hole diameter and increase the slot dimensionsin
order to improve translation performance without adversely affecting fit. In other words, this design
configuration is optimized for the best translation performance. Only by changing the manufacturing
process can we improve performance while maintaining the same ability to assemble the parts.

The formulafor determining the translation error is:

s
2

d

24.12.4 Performance Constants

Table 24-5includesthe performance constantsfor all design optionsfor two round pinswith oneholeand
one slot. Remember to divide the rotation constants by dj, to determine the maximum allowable rotation
through the interface.

Table 24-5 Performance constants for two round pins with one hole and one slot

Worst-Case Statistical
Max Error | Fixed Standard
Error Deviation
O= Trandation (inches) .00220 .00110 .000125
—| 2= — :
Q Rotation (incheradians) .0023 .0022 .0001768
,2’ o 2 | Trandation (inches) .00125 .0006 .000065
= O
P a Rotation (incheradians) .0013 .0012 .0000884
o = | Trandation (inches) .00540 .00110 .0005154
= Z=
8_ Rotation (incheradians) .0087 .0022 .0007289
|3‘ o 2 | Trandation (inches) .00285 .0006 .0002583
= O
~ o Rotation (incheradians) .0045 .0012 .0003644

24.12.5 Dimensioning Methodology

Fig. 24-9 and Table 24-6 present the recommended dimensioning methods for round pinswith ahole and
aslot. Datum C on the second part istwo line targets at abasic distance from the center of the hole. This
dimensioning scheme most closely represents how the part will function, though the pinsmay not contact
the slot at exactly these targets.
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L |

\C2/

CALLOUT A

[I
— Figure 24-9 Dimensioning methodol-

| . ogy for two round pins with one hole and
L 2mad one slot (only Type | shown)

24.13 Round Pins with One Hole and Edge Contact

Another alignment methodol ogy uses two pinsto engage one hole and the side of the second part. Though
this design is not used extensively, it provides the best performance at the least expense. Since the second
feature used to engage the pinisnot afeature of size, the clearance necessary to fit afeature of size over the
second piniseliminated and thus doesnot add to rotation error. Furthermore, sincethisdesigninvolvesonly
one precision hole and no modified pins, it isthe least expensive of all the configurations.

The primary drawback to this technique is that it requires the assembly operator to ensure that the
second partisfully rotated and contacting the second pin on the side. Depending on the design, thiscan
be verified quite easily through visual inspection. The additional cost associated with the added require-
ment during assembly is much less than the cost of the installation of the second pin.
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Table 24-6 GDA&T callouts for two round pins with one hole and one slot

24-19

N/C Bore Jig Bore
Callout A X @.PPPP+.0001 Pins X @ PPPP+.000] Pins
4+ 2.00320)] A ¢ 2.0016@)] A
1 [ 2.0008@[ A] 1l 0004®| Al
0015 .0008
CalloutB | g (pPPPP+.0028}. go1a @ {PPPP+.0016}. 0010
[ [2.0000@] A ['T]@.0000@]A]
0015 .0008
g Callout C {.PPPP+.0028}T.0018 {PPPP+.0028} T.OOlO
B .0032W| A $] .0016@[ A
s 1 [.oo00@] A] [ .00oo@[ A
Callout D {.PPPP+.0108} +.0050 {.PPPP+.0080} +.0050
[ .0000@] a] 8] 1< .0000®@| A | B]
Additional
callout for | ¥ 2.0064 O] A B8O c Q| [¥] 2.0032 O] a8 c )
Typell
Interface
Callot A X @.PPPP+.0001 Pins " ins
el D] 2.0032¢{sD)| A 2 @.0016¢sD] A
2. ooos@l Al _| [@.0004$sD] A
Callout B @{PPPP+.0021} +.0015¢sD) | @.{PPPP+.0011} +.0008{sD)
[2.0008 D] A [ ]2.0004D] A
| callout € {PPPP+.0021} +.0015¢s1) | .{PPPP+.0011} +.0008{sD)
B <$.0032|A|B $1.0016[AlB
3 ﬁﬂ
Callout D {.PPPP+.0095} +.0050 {.PPPP+.0074} +.0050
[ .0000@] Al 8] 1] .0000@| A|B]
Additional | [@{@.0064<sD]alB]c] | [@H@.0032<sD]AlB]C]
Callout for
Typell
Interface
24.13.1 Fit

Because only the first hole and pin are features of size, the fit for this configuration is exactly like the
criteriafor fit of the hole and dlot givenin Eq. (24.6).
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24.13.2 Rotation Errors

Thetilt resulting from thistype of interface is obtained from the following egquation:

é ) 2 2 U
& e - ou ae o 0
gdpx dp” +édpy +§£Em AL é P02 u
¢ & 2 ;U
a=-2tan"'& © ad 2 a
é Ky O a
é d +d,+ o Eo , Dro a
§ py 2 2 L:J
g H
Fig. 24-10 presents these variables graphically.
dpy

Figure 24-10 Variables contributing to
rotation caused by two pins with hole and
> edge contact

24.13.3 Translation errors

Thetranslation errors of this configuration are identical to those for the design involving two pins with
one holeand one slot. (Refer to section 24.12.3.)

24.13.4 Performance Constants

Table 24-7 includesthe performance constantsfor all design optionsfor two round pinswith one holeand
edge contact. Inthiscase, only increasi ngdpx improvesthetilt. Remember to dividetherotation constants
by d, to determine the rotation allowed by the interface.

24.13.5 Dimensioning Methodology

Fig. 24-11 and Table 24-8 present the recommended dimensioning methods for two pinswith one hole and
edge contact. Datum C on the part 2 isaline target contacting the edge at the approximate location of the
pinon part 1. It isfound by placing two pinsin agage at the basic dimensionsindicated on the drawing.
This method of establishing the datum eliminates the distance indicated as basic in Fig. 24-11 from
becoming contributorsto therotation error between the parts. Similarly, since the second pinisthe datum
for part 2, the variation ind, also does not contribute to the rotation variation.
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Table 24-7 Performance constants for two round pins with one hole and edge contact

Worst-Case Statistical
Max Error | Fixed Standard
Error Deviation
=5 % Tranglation (inches) .00235 .0016 .000125
56 @ | Rotation (incheradians) .0024 .0012 .0001249
8_ 0= Trandation (inches) .0022 .00145 .000125
2] 22 [ Rotation (incheradians) 0023 0012 0001249
o g Trandation (inches) .00125 .00085 .000065
@ | Rotation (incheradians) 0013 .0007 .0000625
=5 % Trandation (inches) .0064 .0016 .00064228
_ 58 @ | Rotation (incheradians) .0105 .0012 .0008997
E 0= Tranglation (inches) .0054 .00145 .0005154
ol >
|z~ == Rotation (incheradians) .0087 .0012 .0007181
o 9 Translation (inches) .00285 .00085 .0002583
= O
7o Rotation (incher adians) .0045 .0007 .0003590
L |
{25001
Part 2

[I
E B_| Figure 24-11 Dimensioning methodology

for two round pins with one hole and edge
contact (only Type | shown)
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24-22

Table 24-8 GDA&T callouts for two round pins with one hole and edge contact
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24.14 One Diamond Pin and One Round Pin with Two Holes

This design configuration is very similar to two pins with two holes. The difference is the shape of the
second pin. Inthiscase, theflats on the second pin accommodate more variation in the distance between
the pins and the distance between the holes. This enables usto decrease the nominal hole diameter, thus
improving performance without affecting fit. Because the allowable location error gained from the pinis
greater than with the parallel-flats pin, and because the diamond pinis stronger than the parallel-flats pin,
thisisthe preferred method for designs using modified pins.

Aswasmentioned in section 24.9, thisconfiguration doesnot benefit from zero positionat MMC. Infact,
if we were to use this tolerancing scheme, we would have to make the nomina hole diameter larger. The
equation for fitisactually more sensitiveto the diameter of the second hole than to the distance between the
holes. Asaresult, zero position at MM C is not as efficient as the dimensioning methodol ogy of Table 24-10.

24.14.1 Fit
The equation for fitis:

é A
I & G
1 X sn(b p
C:E(,CEhl - /Epl)- dp +z>cos(b)- d >COSI' tan_lg%zb
. & _
: acodb )+l
t € z Up
where
o2 ) B
i é (a;e guu i é Se ouu
2:1 ’CEﬁ 'E’CEZ >c‘)SeIO—’fCOS 19 ! *l]{'/ 2 E2 -TﬁEz ><cosep—+cos 1 2t 1
2 2 p2 =2 2 p2 p2
I é gﬁE o =l I é g/E ) _u1
1 é p ﬂﬂb f & P ﬂub

Fig. 24-12 provides agraphical representation of these variables.

A

[0 m)\ A
N A
/

\
— <—C b\-
- dp = Figure 24-12 Variables contributing to fit
of one round pin and one diamond pin with
z two holes

Gm_\
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24.14.2 Rotation and Translation Errors

Because therotation is controlled by the cylindrical sections of both pinsand the round pin will control
translation, theformulasfor rotation and translation errors are the same asfor thetwo round pinswith two
round holesin sections 24.11.2 and 24.11.3.

24.14.3 Performance Constants

Table 24-9 includes the performance constants for all design optionsfor one round pin and one diamond
pin with two holes. Remember to divide the rotation constantsbyd  to determinethe allowablerotation at
the interface.

Table 24-9 Performance constants for one round pin and one diamond pin with two holes

Worgt-Case Statistical
Max Error Fixed Standard
Error Deviation
=5 g Trandation (inches) .00275 .00095 .0001250
58 o | Rotation (incheradians) .005516 .0019 .0001768
é_ = Trandation (inches) .00245 .00085 .0001250
|3‘ z= Rotation (incheradians) .004916 .0017 .0001768
o g Trandation (inches) .00130 .0005 .0000650
" a Rotation (incheradians) .002603 .0010 .0000884
= % Translation (inches) .00685 .00095 .0006423
_ 58 @ | Rotation (incheradians) .013616 .0019 .0009083
© 0= | Transation (inches) .00565 .00085 .0005154
I% z= Rotation (incheradians) .0011316 .0017 .0007289
o g Trandation (inches) .00290 .0005 .0002583
" a Rotation (incheradians) .005803 .0010 .0003644

24.14.4 Dimensioning Methodology

Table 24-10 presents the recommended dimensioning methods for one diamond pin and one round pin
with two holes. Refer to Fig. 24-6 for the graphical portion of the callouts.
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24.15 One Parallel-Flats Pin and One Round Pin with Two Holes

Thisisthe least attractive of all the design configurations included in this section. The grinding of the
second pin, though not quite as involved as with a diamond pin, still adds additional costs associated
with the machining and storage of the special part. Themodified pinistheweakest and istherefore subject
to bending during installation.

Another disadvantage of the parallel-flats shape is that the intersection of the unmodified diameter
and the flat section is a sharper corner than with the diamond shape. This can lead to increased damage
from galling when the pin begins to engage the clearance hole of the mating part during assembly.

24.15.1 Fit

Determination of fit for parts aligned using one round pin and one diamond pinis given by:

oo v
1 é . Gl
_%(/Ehl - /Epl)- d, +z>cos(b)- dy, >cos!4 tan” 1€ sm(b) 'I,
i & d,
i acosb | +—;
t & S( ) z ub
where
| é p i 5 "\Pz
(@2t OU o o s
Z‘% /Ehz - /Epz »sin écos” éﬁEZt _ % EpZZ _ i’[EpZ )Ginecos-lélLEZt :Uy
f g P sz f & P2 ghip

Fig. 24-13 presents these variables graphically.

dn

(Z)hl_\ " sz__\ [~ Dh2

B
)

—] |-— b — ]

\

Xt Figure 24-13 Variables contributing to

z the fit of one pin and one parallel-flats pin
with two holes
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24.15.2 Rotation and Translation Errors

Because therotation is controlled by the cylindrical sections of both pins, and the round pin will control
tranglation, theformulasfor rotation and transl ation errors are the same asfor the two round pinswith two
round holesin sections 24.11.2 and 24.11.3.

24.15.3 Performance Constants

Table 24-11 includes the performance constantsfor all design optionsfor one round pin and one parallel-
flats pin with two holes. Remember to divide the rotation constants byd, to determine therotation through
the interface.

Table 24-11 Performance constants for one round pin and one parallel-flats pin with two holes

Two Holes with One Parallel- | Worst-Case Statistical
Flats Pin and One Round Pin | MaxError | Fixed Standard
Error Deviation
= % Transglation (inches) .00450 .00210 .0001250
R Rotation (incheradians) .009 .0042 .0001768
é o= Translation (inches) .00380 .00170 .0001250
Iz\ z= Rotation (incheradians) .0076 .0034 .0001768
o GBJ Translation (inches) .00205 .00095 .0000650
”a Rotation (incheradians) .0041 .0019 .0000884
= 5 £ [ Transation (inches) .00855 .00210 .0006423
_ 5§ § Rotation (incheradians) .0171 .0042 .0009083
g 0= Translation (inches) .00510 .00170 .0005154
Iz\ == Rotation (incheradians) .0140 .0034 .0007289
=) g Translation (inches) .00365 .00095 .0002583
7o Rotation (incheradians) .0073 .0019 .0003644
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24.15.4 Dimensioning Methodology

Table 24-12 presents the recommended dimensioning methods for two holes, one round pin, and one
paralld flat pin. Refer to Fig. 24-6 in section 24.11.5 for the graphical portion of the callouts.

Table 24-12 GD&T callouts for one round pin with one parallel-flats pin and two holes
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