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Background

Tolerancing, Tolerance Analysis, and Tolerance Stackups have been around
in one form or another for a long time. Sometime in the past, it became
necessary to determine whether a collection of parts would fit together before
they were manufactured. A design team may have needed to know how thin a
part feature could become during manufacture, to make sure the part would
remain strong enough to work. They may have needed to know how large a
hole could be and how far it could be from its nominal position to make sure
there was enough surface contact to properly distribute the load from a
astener. Perhaps the manufacturing team needed to understand why an
assembly of parts that met the drawing specifications did not fit together at
assembly. By performing Tolerance Analysis and Tolerance Stackups, these
and many other important questions about the design can be answered. In-
deed that is why Tolerance Analysis and Tolerance Stackups are done—to
_ Provide answers to questions. The techniques in this text will help you, the
reader, understand your tolerancing problems, answer your tolerancing
questions and solve your tolerancing problems.

- How can the designer ensure that parts will fit together at assembly?
Better yet, how can the designer ensure that imperfect parts will fit together at
assembly, as all parts are imperfect? How much imperfection or variation is
allowable? Does it matter if a part is manufactured a bit larger than nominal,
and the mating part is manufactured smaller than nominal? What if both
parts are manufactured on the small side and mating holes in each part are
slightly tilted or out of position? What affects the performance of the assembly
Ore—rvariation in size or variation in position? What happens to a feature on
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one part if a surface on the mating part is tilted? These questions all lead to a
- Tolerance Stackup.

Tolerance Analysis and Tolerance Stackup techniques have evolved
over time, increasing in complexity to meet the increasingly complex needs of
the products they study. Interestingly, a change in manufacturing philoso-
phies is likely the primary reason that Tolerance Stackups are so important
today. Design tools and techniques have changed, the design community and
the manufacturing community have become separate entities, and the need to
clearly and unambiguously communicate design requirements between the
two has driven the need for Tolerance Stackups.

The need for and the ability to design ever more complex parts and
assemblies, the need to guarantee fit at assembly, and the need to guarantee
interchangeability of parts have contributed greatly to the widespread need
for Tolerance Analysis. Complexity is an interesting issue—it is difficult to
determine if a complex design will satisfy its objectives even when all parts are
at their nominal state. Throw in variation and the problem can be over-
whelming. Through the application of standardized Tolerance Analysis
techniques, such as the ones presented in this text, the problem can be reduced
to 2 more manageable form and solved. The need for interchangeable parts
and the need for parts that will fit without rework or adjustment at assembly
can only be ensured by Tolerance Analysis. These factors are hallmarks of
modern manufacturing philosophies, and the only way to ensure these goals
are achieved is through the proper use of Tolerance Analysis techniques.

Tolerance Analysis can be found today in nearly all manufacturing
industries, from the very small geometry found in integrated circuits to the
very large geometry found on rockets, the Space Shuttle and the International
Space Station. Anywhere that parts must fit together, anywhere the possibility
of accumulated variation may cause a problem, or merely needs to be
understood and quantified, Tolerance Analysis and Tolerance Stackup
techniques are being used.

Although it is not the only environment where Tolerance Analysis is
needed, Tolerance Analysis has found its greatest application in mass
production, where interchangeability of blindly selected parts is essential.
Just-in-time manufacturing increases the demand for parts that absolutely
must fit at assembly, as it is much less likely today to have a stock of spare
parts waiting in the warehouse. Tolerance Analysis is the only way to ensure
that the tolerances specified on drawings will lead to parts that fit.

Tolerance Analysis is equally beneficial in research and development
(R&D) and for one-of-a-kind components and assemblies, as there is no
other way to ensure that the accumulated variation of individual part fea-
tures is functionally acceptable. Whether it is the fit of a robotic end effector
on a robotic arm, a cover that fits over an enclosure, a clearance hole that
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must allow a fastener to pass, or the location of a bracket in an assembly,
Tolerance Analysis is the only way to guarantee that parts will fit together at
assembly.

For millennia, mankind has been designing and manufacturing parts,
assemblies, and structures. Early on, the person that designed an assembly
was also responsible for manufacturing the parts that made up the assembly.
Indeed, the design wasn’t complete until final assembly, where many parts
were ground, scraped, drilled, bent, and modified to match the mating parts.
Such assemblies worked well enough, but they were one of a kind. It was
common for all the parts in such an assembly to be custom fit. This sort of
custom, craftsman-oriented manufacturing philosophy was necessary back in
the days before automated, high-precision manufacturing machinery. It was
the only way that the craftsman could be sure the parts could be assembled.
Such assemblies, however, presented a huge problem in terms of cost, time
(both production time and assembly time), and maintenance.

As all parts were essentially one of a kind, and required a great amount
of labor by the craftsman, the cost was high. It also took a long time to
manufacture such an assembly, as only a few could be made at any given
time. Lastly, and this is perhaps the greatest problem, was the problem of

- replacement parts. There was no easy way to replace a part that malfunc-
- tioned or broke in service. Because the most or all of the parts had been

custom fit at assembly, there was no guarantee that a replacement pa.rt pu‘lled
off the shelf would work without more drilling, grinding, and modification.

~ Machinery designed and manufactured using these methods is subject to

extended downtime when a failure occurs. The iteration and the extra labor
required in getting the replacement part to match the mating parts just so and

~the downtime in the use of the machinery can lead to potentially large profit
losses.

Over time, designs matured. This year’s new design borrowed bits and
pieces from previous designs, improving upon earlier approaches. As designs

~ became more complex, designers developed into a specialized group, with

skills and talents unique to their craft. Likewise, as the processes and methods
used to manufacture the parts and assemblies became more complex, the
craftsmen that made the parts also became more specialized, evolving into a
distinct, highly skilled and talented group. Eventually, the person that
designed the part and the person that made the part were different people.

- No longer was it satisfactory for just the designer to know what was required

of the parts making up the assembly—the ideas and requirements for the parts
and assemblies had to be communicated to someone else, communicated to
the craftsmen who were manufacturing the parts and assemblies.

During this transition, it became evident that drawings were needed to

~ define what was to be made, to communicate the designer’s ideas to those
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manufacturing the component. Drawings had to be dimensioned, as all
geometric information had to be specified on the drawing, in a related
document or conveyed verbally. Over time it became obvious that the best
way to ensure the part or assembly being manufactured satisfied the needs of
the designer was to completely dimension the drawing.

Today, virtually all manufactured items are defined by engineering.

drawings. Among other things, engineering drawings describe or define the
geometric form and size of all geometric features on a part; equally important,
engineering drawings also describe or define the relationship between partand
assembly features, including their relative orientation and location.

There are two components to the definition of part geometry: descrip-
tion of the nominal state and description of the allowable variation. The
model itself, or the two-dimensional (2D) drawing geometry itself in the case
of drawings, provides a description of the nominal state. Dimensioning is an
extension of the description of the nominal state, as dimensioning typically
represents the nominal condition of part geometry. Tolerancing is a descrip-
tion of the allowable variation for each part feature and between part features.
Together these provide a complete description or definition of part geometry
and its allowable variation.

Every feature on a part should be fully dimensioned and toleranced,
which includes each feature’s form, size (as applicable), orientation, and
location relative to the rest of the part. The dimensioning system may use
traditional plus/minus dimensions and tolerances, it may use Geometric Di-
mensioning and Tolerancing (GD&T), or it may use a combination of both
systems. Although all of these methods are common in industry today, it is the
author’s opinion that the absolute best method to use is GD&T—it is by far
the clearest, most accurate, and least problematic method to describe the
dimensioning and tolerancing requirements for parts and assemblies. If the
designer’s goal is to completely and unambiguously define the allowable
geometric relationships between all part features, to guarantee that the part
geometry will satisfy its functional requirements at assembly, then GD&T is
the only way to go. The problems and vagaries of the plus/minus system are
numerous.

Accurate Tolerance Analysis can only really be done on parts and
assemblies dimensioned and toleranced using GD&TT—there are far too many
inconsistencies and assumptions required to validate parts dimensioned and
toleranced using the plus/minus system alone. That said, this text covers
Tolerance Analysis using the plus/minus system and GD&T, as many
companies still resist making the move to GD&T and continue to use to the
familiar plus/minus system.

Today, many complex features are implicitly dimensionally defined by
the mathematical data in a three-dimensional (3D) computer-aided-design
(CAD) solid model file. What is a complex feature you may ask? An even
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better question is, “What is a feature?” According to ASME Y14.5M-1994%,
a feature may be a surface, a hole, a slot, the surface of an impeller, the helical
surface of a screw thread, any distinctly discernable portion of a part. Simply
put, a feature is a surface. The surface of the impeller, the helical surface of the
screw thread, the surface of an airfoil, the nose cone of a rocket or the surface
of an automobile fender are examples of complex features. Such complex
features are difficult (if not impossible) to fully dimension using the familiar
rectangular or polar coordinate dimensioning systems used on most engi-
neering drawings.

All features are composed of an infinite set of points. The difference
between a simple feature and a complex feature can be thought of as being
related to the number of dimensions required to completely define the surface:
the greater the number of dimensions required to define the surface, the more
complex the surface. A simple feature such as a plane is easy to dimensionally
define using rectangular coordinates, as all its points lie in a single plane.
Often only a single dimension completely defines the surface. Cylinders,
widths (opposed parallel planes), and spheres are also simple features. They
are called features of size, and they are controlled by rule #1 in the ASME
Y14.5M-1994 Standard. These features, unlike other features, are defined by
a single size dimension. All points of a perfectly cylindrical surface are
equidistant from an axis; all points of a perfect width are equidistant from
a center plane; all points of a perfectly spherical surface are equidistant from a
center point. That makes these features easy to completely dimension on an
engineering drawing.

Features such as polygons, e.g., squares and hexagons, are actually
comprised of several features of size at angles to one another. To com-
pletely dimension a polygon requires more than one dimension, which dif-

~ ferentiates a polygonal or bounded feature from a feature of size. Complex

features such as the surface of an automobile fender or the hull of a ship
present a great challenge in dimensioning, as all the points lie on one or
more complex warped surfaces.

Historically such surfaces have been dimensioned using rectangular or
polar coordinates, where a finite set of points are dimensioned in three
dimensions, developing an (x,y,z) Cartesian coordinate system of sorts. As
mentioned earlier, a surface is constituted of an infinite set of points. To fully
dimension a surface such as the fender would require an infinite number of
dimensions on the drawing. Obviously this is impractical, and even ridiculous.
Historically, an adequate, representative set of points was dimensioned,
enough points to describe the overall shape of the surface. This is a three-

*ASME Y14.5M-1994 Dimensioning and Tolerancing Standard. New York, New York: The
American Society of Mechanical Engineers, 1995.
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dimensional adult version of “connect the dots™ that we enjoyed so much as
children. The surface in between the dimensioned points was a bit of a
problem, as it was undefined. Here craftsmanship took over, and a note may
have been added to the drawing to “blend” the surface, to create as smooth a
transition between the dimensioned points as possible. Although imprecise,
this method worked well enough. The problems it presented were outweighed
by the difficulty or impossibility of completely dimensioning the surface.

Today parts and assemblies are designed using computers. Computer-
aided design and drafting (CADD or CAD) programs are mathematically
precise, employing algorithms based on an IEEE double floating-point pre-
cision standard. Such programs are precise to 16 places, and the three-dimen-
sional shapes that are modeled using these programs can be considered to be
completely dimensionally defined within the CAD system. Using such a CAD
System, an operator can obtain as much dimensional information about a
surface as required, as all points on the surface are mathematically defined.

Today it is common in many industries to eliminate most or all of the
dimensions on drawings of such complex shapes. In fact, some companies are
eliminating most or all of the dimensions from all their drawings, regardless if
the part geometry is simple or complex. These drawings contain one or more
notes instructing the person using the drawing to get the dimensional
information for the part features directly from the 3D CAD ‘model. This
approach works well as long as everyone that needs to obtain dimensional
information from the drawing has access to the correct CAD program. Such
drawings are called math-data-based drawings, model-based drawings, limited-
dimension drawings, or other names.

Indeed the fantastic 3D solid modeling CAD tools available to designers
today allow ever more complex geometry to be designed. In many cases, the
3D solid model dimensional data representing the part is electronically trans-
ferred directly to a computer-based manufacturing center, and the drawing is
not even consulted for dimensional information. The manufacturing com-
puters are programmed to make the part described by the CAD solid model.
Likewise the 3D solid model dimensional data is electronically transferred
into a computer-based inspection tool, such as a coordinate measuring
machine (CMM), and the inspection computers are programmed to inspect
the part described by the CAD solid model.

Itis very important to recognize that something is still missing, however.
The 3D solid model data merely represents the part’s nominal or as-designed
geometry—it is analogous to the dimensions on a drawing, as it is truly
dimensional data. The model only tells the dimensioning half of the story—
the tolerances must still be specified.

Every feature of a part must be completely toleranced, requiring one or
more tolerances to define its limits of acceptability. This leads to an important
question: What is a Tolerance?

Background

Definitions of a Tolerance

Option 1: A Tolerance specifies how closely to the nominal (or exa.ct)
location, size, form, or orientation that a feature on a part must lie.

Option 2: A Tolerance specifies the range of acceptable deviation for a
feature on a part.

Option 3: According to Merriam Webster*®, “The allowable dt?viati(?n
from a standard; especially: the range of variation permitted in
maintaining a specified dimension in machining a piece.”

Final Answer: A Tolerance is the specified amount a feature is allowed
to vary from nominal. This may include the location, size, form, or
orientation of the feature as applicable.

Manufacturing processes are used to make every feature on a part. For
example, on a machined part as in Fig. 1.1, the surfaces are milled, the hqles
are drilled, and the groove is cut using a milling cutter. Each mangfacturlng
process is capable of attaining a certain level of accuracy and precision. One
process may be capable of greater accuracy and precision than anoth;r, such
as drilling a hole with and without a drill bushing or reaming or bprmg that
same hole. A sheet metal part stamped using an automated process is typically
more accurate and precise than the same part produced using a manual
process. Tolerances should be chosen that are achievable using a chosen
manufacturing process. N

Manufacturing processes are often measured in terms of their precision
and accuracy. Precision is a measure of how repeatable a process i.s, how
closely it can hit the same point, regardless of where that point is. For
instance, Kevin may be a bad shot, but if he consistently misses the target and
hits the same wrong spot, he is precise Accuracy is a measure of how close to
the chosen target a process can get. For instance, Sandra may be a good shot,
and if she hits the bull’s-eye or near the bull’s-eye, she is accurate. '

As an example, consider throwing darts at a dartboard. Precision is a

measure of how closely grouped all the darts are. Accuracy is a measure Qf
how closely a dart is to the bull’s-eye. Accuracy and precision are shown in
Fig. 1.2.
Every feature on every part is subject to variation. No featu_re can be
made perfectly—all manufactured parts are understood to be' imperfect
replicas of the part defined on the drawing. If the drawing specnﬁe.s Fhat a
dimension shall be 8.000-in., it must also specify how much variation is
acceptable. Consider the following examples:

* Webster’s Ninth New Collegiate Dictionary. Springfield, Mass.: Merriam-Webster, Inc., 1984.
p. 1241.
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FIGURE 1.1 Machined part.
Example 1.1

A machinist sets up a part on her machine and removes metal, approaching
the 8.000-in. dimension. She measures the part and sees it is 8.002 in. (See
Fig. 1.3). She realizes that if she takes one more cut on the part it will remove
0.003 in., 0.001 in. more than the 0.002 in. of material remaining above the
8.000-in. dimension. So her choice is 7.999 or 8.002 in., unless she changes to
a different, more precise process. Looking at the drawing, she sees that the
tolerance for the dimension is £0.005 in. She realizes that the part is within
tolerance as it is.-

What if the drawing didn’t have any tolerances specified? The machinist
to would have to guess how closely she had to make the part. Perhaps she
arbitrarily decides that +.010 in. is close enough, and machines the surface
down to 8.008 in. and stops. The part then goes to inspection, and the
inspector arbitrarily decides that the dimension should be within 0.001 in.,
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and rejects the part. He calls the machinist, who then calls the engineer and
asks what he thinks he can live with. Not wanting to throw parts away, the
engineer calls the inspector and tells him to accept the part. However, the
design required the surface to be within +.005 in. By trying to reduce scrap
and keep everybody happy, the engineer has accepted a bad part.

Obviously, the designer should never leave the responsibility of deter-
mining how accurately a part must made or how closely a tolerance must be
held to someone else. The only person who understands the functional
requirements of the part is the designer, and it is the designer’s responsibility
to determine, calculate, and communicate the limits of acceptability. These
limits of acceptability are the tolerances specified on the drawing, on a
formally referenced document or in a company standard. If the tolerances
that apply are the default tolerances in the title block, the designer must ensure
that those tolerances are acceptable. Whether the tolerances are explicitly
specified or implicitly specified, they must be verified to work.

Example 1.2

A first-article or prototype sheet metal part such as the one shown in Fig. 1.4is
stamped using a die. Many thousands of parts are to be made using this die.
The part is inspected after stamping, and it is found that two holes are located
0.5 mm from nominal and the 90° angle between the flanges is actually 91.5°.

Consulting the drawing, the inspector sees that the holes must be located
within =1 mm, and the flanges must be within +1°. The holes are within
tolerance, but the flanges are out of tolerance. The part is rejected, and the die
is modified to bring the parts within specification.

If the drawing did not have any tolerances specified, the die maker would
have to guess how accurately to make the die, the press operator would have to
guess if the die was functioning properly, and the inspector would have to
guess if the parts were within specification. Of course, these determinations
would be made independently, without knowing what the engineer determined
was necessary for the design to function. Again, the drawing must specify the
tolerances, so everyone using the drawing works to the same specifications.

The confusion and costly waste of time resulting from missing specifi-
cations could have been avoided if the engineer had done his job up front and
carefully specified the tolerances on the drawing. In fact, those responsible for
preparing drawings today must apply tolerances to all dimensions, whether
directly or indirectly (explicitly or implicitly), in the form of plus/minus or
geometric tolerances. ’

Example 1.3

In this example, it is agreed that a part will be manufactured directly from 3D
CAD model geometry data. The 3D CAD model geometry will be exported
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from the CAD program directly into a computer numerically controlled
(CNC) manufacturing program. The steps of the manufacturing process will
be programmed and built around the CAD geometry. Additionally, a co-
ordinate measuring machine (CMM) will be used to inspect the part. Again,
the 3D CAD model geometry will be exported from the CAD program
directly into the CMM computer, and the steps of the inspection routine will
be programmed and built around the CAD geometry.

Because the manufacturing and inspection processes are automated and
will use the CAD model geometry directly, the designer decides not to add any
dimensions or Tolerances to the drawing at all. The designer understands that
the dimensional data exported to the manufacturing and inspection programs
completely defines the part, and no additional dimensions are required. How-
ever, the designer misses an important point.

A 3D CAD solid model accurately and completely defines the nominal
part geometry—the model represents the perfect part, without variation. That
is only half the problem. Without specifying tolerances it is impossible to
know the limits of acceptability and whether the as-produced part is within
those limits. Without any tolerances specified, no one can differentiate be-
tween a good part and a bad part, so it makes no sense to inspect the part.
Obviously this is unacceptable.

The designer decides to rely on the manufacturing process capabilities
to determine the allowable tolerances. He calls the shop and asks the
manufacturing representative about the processes and the capabilities of their
machinery. For the part in question, the manufacturing representative tells
him the machine is accurate to +0.005 and repeatable to within +0.008. The
designer is now happy that the burden of tolerancing the part has been lifted,
calls the inspection shop, and tells them all the features on a part will be within
10.005 and all the parts will be within +0.008.

There are still some problems. The design manager learns of what is
transpiring and calls the designer. She asks the designer “Why didn’t you
specify tolerances for the part?” The designer explains his position. The
design manager explains that the tolerances must be formally stated on the
drawing or in a related document to be legally binding. Still looking for a
shortcut, the designer puts a note on the drawing as follows “Tolerances on all
part features shall match process capability of ACME mill #123 in Bldg. A.”
He is happy and feels he has nailed it. He has tied the tolerances to the
capability of the exact machine that will be used to manufacture the part.

Again his supervisor calls with more questions. She asks “Did you
tolerance the drawing?” He explains what he did and his justification. She
asksif he can tell her exactly what the limits are for a particular dimension; say
the distance between two parallel faces. He reverts to what he was told about
the process capability and tells her “The tolerance on that dimension is
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10.005, and the variation part to part is +0.008. She asks him if he obtained
formal SPC data from the shop for that exact part on that exact machine to
verify their capabilities. He says “No” and tells her that the values were from
the operator’s manual that came with the machine when it was new.

The design manager explains that the capability information that came
with the machine when it was new is only a starting point, and that there are
many other sources of variation that add to these initial values. She also
explains that merely adding a note to the drawing stating that the tolerances
are tied to the manufacturing process is legally inadequate, as the process
could change, and in fact will change over time. So no limits were actually
defined. The designer grumbles and tells the design manager “C’mon, the
parts that come off that machine always work—it’s a very accurate machine.
Why bother with Tolerancing the parts anyway?”

The design manager explains that the parts made on a particular ma-
chine may work and that they may satisfy their functional requirements. The
problem, she says, is that the limits are not defined and with that comes several
more problems. First, without defined tolerances, it is nearly impossible to do
a Tolerance Stackup—the only way a Tolerance Stackup can be done in such
a situation is to guess or assume values for the tolerances. Second, if it was
decided to change the process and allow an outside vendor or another
machine shop to make the parts, the process capabilities would be different,
which would lead to different tolerances. Indeed, since the tolerances are not
defined, there would be no way to tell a good part from a bad part.

Now frustrated, the designer, still looking for the shortcut, changes the
note to read “Tolerances on all part features: +0.008.” He believes this cap-
tures 100% of the parts and that he has done his job. Again the design man-
ager calls. She tells him that she has seen the updated drawing, has read the
note, and has several other issues. First, it is apparent that the designer has not
determined functional tolerance values, tolerances that when even at their
worst-case will still allow the part to function. The designer has merely re-
sorted to picking a global tolerance that can be manufactured. It is important
that the tolerances are achievable by manufacturing, but it is more important
the part will function properly. Furthermore, although he has defined linear
limits of acceptability with the +0.008 tolerance on every feature, he has not
adequately defined the relationship of the features to one another. The
angular relationship between the features is undefined. The designer points
to the default angular tolerance in the title block and adds another note to
make it apply to the CAD model geometry. This gets him close, but the
specifications are still very ambiguous and subject to multiple interpretations.

The ambiguity problem can only be solved using GD&T. The part must
be staged or setup for inspection. Part features must be related to one another
clearly and unambiguously, and GD&T is the only way to do it. Finally he














































































































































































































































































































































































































































































































































































































































































