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Form — Standards and Definitions

« ASME/ANSI Y14.5 defines the geometric symbols
used on drawings to specify form, location,
orientation and runout tolerances. Together, these
are commonly refered to as “GD&T.”

* The standard defines generally what
the symbols mean and what they
should be used to control.

e However, the standard does not define
how to actually measure.
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Symbols for Geometrical Characteristics

Tolerances Characteristics Symbol Datum needed

Straightness Ly no
Flatness I § no
Roundness O no

Form
Cylindricity L no
Profile any line il no
Profile any surface £5 no
Parallelism /Y yes
Perpendicularity 1 yes

Orientation Angularity o yes
Profile any line N yes
Profile any surface /AR yes
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Symbols for Geometrical Characteristics

Tolerances Characteristics Symbol I Datum needed
Position 4 yes or no
Concentricity (for centre points) © yes
Coaxiality (for axes) © yes
Location
Symmetry = yes
Profile any line £y yes
Profile any surface £ yes
Circular run-out P yes
Run-out
Total run-out P yes
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Measurement Standards

* Which of the follow have ASME/ANSI standards
defining how to measure them?

* Surface Finish — Ra Q/ ASME B46.1 - 1994
 Surface Finish — Rz Q/

e Form — Straightness X

* Form — Flatness X

e Form — Cylindricity X

e Form — Roundness / ASME B89.3.1 — 1972/1988
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Circularity Tolerance

t

Definition

The tolerance zone is limited in the
measuring plane perpendicular to
the axis by two concentric circles a
distance t apart. :

Example

The circumference of any cross-sec-
tion of the toleranced, cylindrical sur-
face shall be contained between two
concentric circles 0.1 apart.
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@ Methods of

Roundness Measurements

e Diametral (micrometer)
e Chordal (V-block and indicator)

« Radial (between centers, roundness gages)
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@ Measurement of Roundness
Diametral 2-Point Method

3 - LOBED 5- LOBED 7 - LOBED TRUE ROUND
1.000"
Measured
Diameter
: A
Effective " "
LD. Size —T>1€0.844"> <« 0.946"—> «0.975" > <—1.000" —>
oeCtVe e—1.155"—>]  le—1.052"—| 1026 > |<1.000"—

Effective OD and ID Sizes vs. Constant Measured Diameter
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@ Measurement of Roundness
Chordal V-Block Method — Even Number of Lobes

V-block tends to
diminish the TIR of
even-lobed shapes,
sometimes to nearly O.

Two-lobed and four-
lobed parts will show
only a slight variation
iIn each TIR.
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@ Measurement of Roundness
Chordal V-Block Method — Odd Number of Lobes

_ 360
©=180-=+

@ — Included Angle of The V-Block

n — Number of Lobes

Factor by which the
indicator readings

Number of "approximate” - are increased over
uniformly included angle of the actual radial
- spaced undulations the V-Block out-of-roundness
3 60° 3.00
5 108° 2.24
F ) 128° 2.1
9 140° 2.06

There is no single V-block angle which will cover all numbers of odd-lobed parts

Table per ANSI/ASME B89.3.1-1972/1988
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[OI(l7]) ™

asurement of Roundness (Runout)
Radial Method Part Between Centers

]

Potential sources of error:

» Mis-alignment of centers and center holes
 Different angles of centers and center holes

e Qut-of-roundness of centers and center holes

» Part out-of-straightness
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Measurement of Roundness
Radial Method
Precision Spindle

Rotating Table

Stationary
Gage Head

—

Rotating
Workpiece

Tilt

Table
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Advantages

* Roundness, Concentricity,
runout, face perpedicularity,
parallelism and differential
measurements are much
easier to perform and much
more accurate than with
other methods.
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Surface Finish and Form

\ammes ROTATION

- \
=
B suingal

LD

I I
BELT gGEaR MOTOR
BOX

Direction of Measurement

Linear Circular

M Roughness

—~—"" ——~— Waviness

- —— — Form

W Total Profile Separation by number of Undulations

: : Revoluti PR
Separation by Cutoffs, mm/inch per Revolution (UPR)
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Basic Components & Elements
of Surface Topography

e ROUGHNESS
- Closely Spaced Irregularities
(cutting tool marks, grit of grinding wheel) \NAVIN
e WAVINESS
- More Widely Spaced Irregularities
(vibration & chatter)
e ERROR OF FORM
- Long Period or Non-cyclic Deviations
(errors in ways or spindles, uneven wear)
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Process for Measurement of Surface or Form

* Trace a profile of the surface, collecting data points

 Make sure that the probe tip is small enough to see the wavelengths
of interest on the surface (see filtering)

* Make sure that there are enough data points with close enough
spacing to see the wavelengths of interest on the surface.

e Filter the data to select only the wavelengths of interest on
the surface

 Fit a nominal reference (line, circle, etc.)

e Calculate deviations from the reference or another
standardized parameter from this data
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Relationship Between
1A, andll ,

100% - 1
Waviness

Roughness
0% -1-----—f e e e e X\

Transmission

As Ac/Asw Acw

Transmission "Band" Principle
Ac - Long Wavelength Cutoff (Roughness) Asw - Short Wavelength Cutoff (Waviness)
As - Short Wavelength Cutoff (Roughness) Aew - Long Wavelength Cutoff (Waviness)
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Recommended Cutoffs for Different
Surface Finishes
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Roughness Cutoff or Sampling Length

* Drawings prepared six months after the date of
Issuance of ASME B46.1-1995 have to state the
roughness cutoff or sampling length.

* Prior to the adoption of ASME B46.1-1995, the
default rating was 0.8mm if no other rating was
stated.
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Form Specification

This surface shall be round

within .001 inch

/ /as assessed by the LSC method

with 50 UPR

/ andf .062 inch radius stylus tip.

\

001" LSC

50

062"
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Roundness Default
Filter Setting
ANSI/ASME B89.3.1-1972/1988

“If no filter response figures are specified,
the 0-50 values shall be assumed”
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Filter Cutoffs

Wavelength or lobing limit for form filtering
Is called the cutoff and is specified as the

number of undulations per revolution
(UPR).
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Filtering

Parts with different # of lobes and the

same out-of-roundness

100 %
% of peak to 15 UPR Filter 50 UPR Filter
valley Transmission Transmission
amplitude Curve Curve
transmission
50 %
0% \ \ \ \ \ >
3 5 10 15 25 40 50 UPR
1-15UPR %iii?% éijiéé
1-50 UPR
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1-50 UPR
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2 RC and 50% Gaussian Filters

Transmitted Amplitude (% of P-V)

Act. UPR 2 RC 50% G
8 100 100
12 85 70
15 75 50
17 60 35
25 0 0
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If the actual number of UPR is close to the nominal
value of the filter, transmission for 2 RC and 50% G

filters will be significantly different.
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ISO Recommended Filter Settings for the

Measurement of Roundness (Form)

Component Diameter Filter Limit
d 8mm 15 upr
8mm<d 25 mm 50 upr
25mm<d 80 mm 150 upr
80 mm<d 250 mm 500 upr
250 mm < d 1500 upr
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Selection of a Roundness Filter

* Imagine a part with a diameter of 5
mm.

 The circumferenceis dor3.14*5
=15.7 mm.

» Using a filter setting of 15 upr
results in a filter length of approx. 1

mm.

* If the older default of 50 upr was
used, the filter length would be
approx 0.3 mm, bringing some
surface roughness into the
evaluation.
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Relationship Between Tip Radius, Cutoff Ratio and M
Sample Spacing
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aximum
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Selection of Form (Roundness) Filter
Setting

In trying to maintain the philosophy of using . as the
filter setting to divide Form from Roughness,
recommended default settings for Roundness were
developed. Based on the size of the component, a
upr filter setting which gives a result approximately
equal to the 0.8 mm general default in roughness is to
be selected. This assumes of course that the
preferred filter setting for the roughness
measurement on the component is 0.8 mm!
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Impact of Filter Choice

* With Form measurements, the diameter determines
the filter setting rather than simply relying on a linear
distance setting of the filter. However, just like with
surface roughness, once the filter is chosen, the
filter setting determines the number of minimum
number measuring points and the maximum probe
tip radius which can be used.
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ISO Recommended Minimum Number of Points
for the Measurement of Roundness (Form)

Component Diameter

Measuring Points/360°

d 8mm 105
8mm<d 25mm 350
25mm<d 80 mm 1050

80 mm<d 250 mm 3500
250 mm < d 10500
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Roundness
Limiting Values of UPR
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Out

Minimum radial separation
Concentric circles enclosing the
circular profile and having the
least radial separation.

(MZC = Minimum Zone Circles)

Reference circle

Circle relative to the measured
circular profile such that the sum
of the squares of all profile
deviations is a minimum.

(LSC = Least Squares Circle)

Form Measurement Fundamentals

-of-Roundness Evaluation

Four Assessment Methods

Minimum circumscribed circle
Smallest possible circle which can
be fitted around the circular profile.

(MCC = Minimum Circumscribed
Circle)

Maximum inscribed circle
Largest possible circle which can be
fitted within the circular profile.

(MIC = Maximum Inscribed Circle)
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Correlation of Assessed Values

The correlation between the four methods of
assessment of out-of-roundness, In most of the

cases, Is within 10 to 15%.
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Summary

* The ISO recommendations are an attempt to take a
“big picture” view of all the measurements made on
the surface of a part.

 First part function needs to be understood and a
meaningful value for _ established.

 This value of _is then used to set the filter for roughness
and Form measurement. The link between the roughness
filter setting and the roundness upr setting is the diameter
of the part.
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Concentricity, Coaxiality, Eccentricity
1ISO-1101-2004, ASME Y14.5M-1994,
US Industry Practical Applications

Concentricity is evaluated relative to a datum
point, both points must lie in the same plane.

Coaxiality I1s evaluated relative to a datum axis.

Eccentricity equals half of concentricity.
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Coaxiality
1ISO-1101-2004, ASME Y14.5M-1994,
US Industry Practical Applications

Coaxiality is that condition where the axes of two or more surfaces of
revolution are coincident.

Coaxiality is evaluated relative to datum axis.
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Concentricity, Coaxiality Tolerance

Definition (coaxiality)
The tolerance zone is limited by a cylinder of diameter t,
the axis of which coincides with the datum axis

Example (coaxiality)

The axis of the toleranced cylinder shall be contained
within a cylinder of diameter 0.08 coaxial with the datum
axis A.

Note
For concentricity tolerance, see ISO 1101-2004.
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Coaxiality
Relative to the Part Axis

« Part Datum Axis is found by one of the
two methods

 Through the centers of at least two
reference circles in two planes —
roundness plots (1) and (2).

 Through centers of roundness plot
reference circle (3) and circular
flatness reference circle (4).

e Datum Axis is normalized to coincide with
the axis of rotation.

« Concentricity is equal to X 2 distance
from the center of the roundness
reference circle (5) and the datum axis.

Form Measurement Fundamentals @
37 - April 2008 Pat Nugent




Selection of Datum - Reference AXIs

Center Holes

Centers of Bearing
Journals

One Bearing Journal
(2 Planes)
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Radial Runout

 Datum Needed

« Radial difference between 2 concentric
circles with center on datum (center of
rotation)

* Both concentricity and form contribute
to runout

- ldeal round part: runout equals
concentricity

- No concentricity error: runout equals
out-of-roundness

- In general: runout includes
concentricity and form error — both
influences depend on vector
direction
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Radial Runout Tolerance

Definition

The tolerance zone is limited in the measuring plane
perpendicular to the axis by two concentric circles a distance t
apart, the common center of which lies on the datum axis.

Example

The circumference of any cross-section of the toleranced,
cylindrical surface shall be contained between concentric
circles 0.1 part, the common center of which lies on the datum
axis formed by A and B.

Note

When taking the measurement, the workpiece has to be
turned about the datum axis.
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Flatness
(Circular)

* No datum needed
* Measurement relative to profile itself

* References: minimum zone or least squares plane
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Form Measurement Fundamentals

Form Evaluation References

Reference straight line

The line through the measured profile such
that the sum of the squares of all profile
deviations is a minimum.

(LSS = Least Squares Straight Line)

Enveloping parallel lines

Parallel, straight lines enclosing the profile
and having the least separation.

(MZS = Minimum Zone Straight Lines)
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Form Measurement Fundamentals

Flathess Tolerance

Definition

The tolerance zone is limited by two
parallel planes a distance t apart.

Example

The toleranced surface shall be
contained between two parallel planes
0.08 part.
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Parallelism, Plane Runout

at
Indicated Radius

 Datum needed
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Parallelism, A—-Bvs. B - A

If straightness of Surface A does not equal that of Surface B, results of
measurements 1 and 2 will be different.

Form Measurement Fundamentals @
45 - April 2008 Pat Nugent




Perpendicularity, Plane Runout,
Sguareness at Indicated Radius

 Datum needed

Form Measurement Fundamentals
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Perpendicularity (Radial) Tolerance

Definition

The tolerance zone is limited in the measuring plane by
two parallel, straight lines a distance t apart and
perpendicular to the datum.

Example

Any generating line of the toleranced, cylindrical
surface shall be contained between two parallel,
straight lines 0.1 apart and perpendicular to the datum

surface.
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Vertical Straightness

 No datum needed

e Measurement relative to
profile itself

 References: minimum zone
or least squares line
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Straightness Tolerance

Definition
The tolerance zone is limited in the measuring plane by
two parallel, straight lines a distance t apart.

Examples

Any generating line of the toleranced, cylindrical
surface shall be contained between two parallel,
straight lines 0.1 apart.

Any portion of length 200 of any generating line of the
toleranced, cylindrical surface shall be contained
between two parallel, straight lines 0.1 apart.
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Parallelism
(Vertical Slide)

 Datum needed.

e Datum surface (1) is
represented by the LS or
minimum zone line and
normalized to be parallel to
true axis of rotation.

» Surface (2) position is
computer corrected by the
angle that surface (1) was
tilted to be parallel to the axis
of rotation.

* Measure of parallelism
iIncludes out-of-straightness of
the second surface.
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Form Measurement Fundamentals

Parallelism Tolerance

Definition

The tolerance zone is limited in the
measuring plane by two straight lines a
distance t apart and parallel to the
datum.

Example

Any generating line of the toleranced
surface shall be contained between two
straight lines 0.1 apart and parallel to
the datum surface A.
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Components of a
Cylindricity Measuring Instrument
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Cylindricity

 Definition — Cylindricity is
the condition of a surface
of revolution in which all
points (elements) of the
surface are equidistant
from a common axis.

 No datum needed.

53 - April 2008 Pat Nugent



Form Measurement Fundamentals

Cylindricity Tolerance

Definition
The tolerance zone is limited by two
coaxial cylinders a distance t apart.

Example
The toleranced, cylindrical surface
shall be contained between two

coaxial cylinders 0.1 apart.
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Cylindricity
Sources of Errors

Cross Section Deviations Median Line Deviati ons Radial Deviations
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Cylindricity
Four Reference Cylinders

OO0C = (P) + (V)

00C Highest
Peak (P)
O0C
Deepest
00C Valley (V)
Minimum Zone Maximum Minimum Least Squares
Inscribed Circumscribed

OOC - Out-of-Cylindricity
Form Measurement Fundamentals
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Total Runout

 Datum needed

ol _ f . Subject Cyl. Axis
* Radial separation of two concentric  5ot,m Axis

cylinders centered on a datum axis,
which completely includes the subject

cylinder.
Datum

AXis Subject
Cyl. Axis

Form Measurement Fundamentals

* Both cylindricty and

coaxiality contribute to
total runout.

|deal Cylindrical Part —
Total runout equals out-of-
coaxiality.

|Ideal Coaxiality — Total
runout equals out-of-
cylindricity.

In General — Total runout
includes errors of
cylindricity and coaxiality,
both influences depend on
vector directions.

Total Runout
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Total Axial Runout Tolerance

Definition (total axial run-out)

The tolerance zone is limited by two parallel
planes a distance t apart and perpendicular to the
datum axis.

Example (total axial run-out)

The toleranced surface shall be contained
between two parallel planes 0.1 apart and
perpendicular to the datum axis D.

Notes

When taking the measurement, the workpiece has
to be turned about the datum axis several times.
Workpiece and measuring instrument have to
move radially to each other.
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Summary

 Form measurement is typically the measurement of
GD&T characteristics

» Specialized machines are typically used to achieve
best capability

* To accurately measure Form (or Surface Finish) the
wavelengths of interest must be understood.

* Roundness Is a good example, but these principles
of data collection, stylus tip radius, filtering, and
reference elements can all be applied to other
characteristics as well.
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Questions?
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