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The Contact Stylus Profilometer provides a
pragmatic, accurate and reproducible tooth

flank roughness measurement.

By MARK MICHAUD

ear performance has continuously increased
over the past two decades. Improvements in
metals, heat treatments, geometry, and lubri-
cation are just a few of the sources of these
improvements. For gears operating in high load, EHL-
type conditions, tooth flank finishes have experienced
a similar improvement trend. These tooth flank fin-
ish improvements minimize the risk of surface dis-
tress failures such as wear, fretting, scuffing, macro
and micropitting, or to reduce vibrational excitation
(tonality). As such, it is not uncommon today to have
highly loaded gears specified and manufactured to
tooth flank finishes of Ra < 4 pin (Ra < 0.1 micron).
These tooth flank finishes have been achieved from
improved grinding, honing, or superfinishing tech-
nology. However, with improved flank finishes, con-
fusion, uncertainty, and errors have arisen regarding
the specification, measurement, or documentation of
flank roughness. Part of these problems stems from
the fact that there will always be some variation of
roughness across a given flank surface. Furthermore,
the range of variation can increase depending on the
finishing process. Fortunately, the current state of the
art of gear manufacturing produces tooth flank finish-
es with reasonably small surface finish variation such
that the gear performance can be generally predicted.
The unavoidable roughness variation of a given
tooth flank is generally small and can easily be
accounted for in the tooth flank roughness specifica-
tion and manufacture without a loss in gear perfor-
mance. However, other sources for flank roughness
measurement problems can result in poor gear per-
formance and are [1, 2, and 3]:
) The wide capability range of available roughness
measurement equipment.
) Poor roughness measurement equipment main-
tenance.
) Ambiguous roughness specification.
) Imprecise roughness measurement procedures.
) Poor documentation of the required flank finish.
Even with proper roughness measurement, there
will be some variation in the results. Gear designers
and manufacturers need to understand and accept
this unavoidable variation in surface roughness. The
first step in this understanding starts with the realiza-
tion that no surface can be exactly equal to a single
roughness number. Too often a flank roughness is
specified or reported to be Ra = XX pin. However, a
surface roughness can either be:
b 1: Greater than (>); greater than or equal to (2).
) 2: Less than (<); less than or equal to (<).

) 3: Or within a range of a specific roughness num-
ber.

Fortunately, there are a small number of ISO
Specifications within the GPS (Geometrical Product
Specifications) Matrix of Standards that can be used
to reduce the problems that can lead to unaccept-
ably large or erroneous roughness measurement. If
these ISO Specifications are understood and applied
correctly, the significant variations or errors can be
reduced such that the roughness measurements are
accurate, repeatable, and reproducible. This will be
the first in a series of articles on the subject of Tooth
Flank Roughness Measurement based on these ISO
Standards.

THE CONTACT STYLUS PROFILOMETER

The goal of these articles will be to describe how to
carry out and document pragmatic, accurate, repeat-
able, and reproducible roughness measurement of
tooth flanks. This article will describe the characteris-
tics of the measurement equipment needed to analyze
surface texture and achieve some of the above goals.
This article is about the Contact Stylus Profilometer
based on ISO 3274: 1996. [4]

It should be noted that this and the following
articles will assume that environmentally induced
roughness measurement variations (i.e. from forge
shop vibrations) will not be an issue in achieving these
goals. The author is familiar with many gear manufac-
turing facilities where the profilometry is successfully
carried out adjacent to the flank finishing equipment
without the introduction of environmentally induced
errors. Modern profilometer setups can easily coop
with forklift traffic, hoists, gear grinding equipment,
and the like without the introduction of roughness
measurement errors. For the purpose of these articles:

) Pragmatic will mean a flank roughness measure-
ment and documentation that can be carried out by
gear production staff in a manufacturing environ-
ment using robust equipment at a reasonable cost.

) Accurate will mean the flank measurement
results are reasonably close to the known roughness
value and or to a calibrated roughness standard.

) Repeatable will mean reasonable variation of
flank roughness measurement results when carried
out by the same operator using the same robust mea-
surement equipment.

) Reproducible will mean reasonable variation of
the flank roughness measurement results when car-
ried out by different operators using the same robust
measurement equipment, or by different operators
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using different robust measurement equipment, in either the same
or different locations.

) Documentation will mean the flank measurement specification
and or measurement results are interpreted without ambiguity by
different individuals.

SURFACE TEXTURE

Surface texture is made up of three elements: its roughness, its
waviness, and its form. The surface roughness is made up of the pro-
cess marks or grinding asperities produced by the cutting tools or
machining process. The roughness is characterized by short wave-
lengths (i.e. short spaced surface imperfections or asperities). The
waviness is typically produced by machining instabilities or cut-
ting tool imbalances (i.e. poor grinding stone dressing) and the like.
Waviness is characterized by longer wave-
lengths compared to the roughness, which is
superimposed within the waviness. Form is
the general shape of the surface (i.e. an invo-
lute tooth flank), ignoring the variations
due to the roughness and waviness. Surface
waviness and form are rarely found in isola-
tion (i.e. there are rarely truly flat surfaces) Pickup
and are treated the same by the profilometer.
The fundamental function of a contact sty- —
lus profilometer is to separate the three ele- -
ments of a surface and to analyze the wavi- Skid
ness and roughness separately. The issue is
how to separate surface irregularities into
roughness versus waviness. This separation
is accomplished by the profilometer through
the use of filtering and is a critical capability of the instrument.
For a tooth flank, its surface texture is described by its waviness, its
roughness and its lay. The surface lay is created during manufactur-
ing of the flank by the primary direction of travel of the machining
process used. The lay is the primary direction of the roughness irregu-
larities. Lay can have a significant impact on gear performance based
on how it effects the movement of lubricant between mated teeth. Lay
is addressed in these articles only in regards to how a profilometer is
setup and operated to produce the roughness measurement.

THE CONTACT PROFILOMETER:
ROUGHNESS VS. WAVINESS

To understand profilometer filtering, understand that a surface is
nothing more than a series of peaks and valleys (asperities) of varying
heights and with various distances between them. From this per-
spective, a surface is made up irregularities of varying wavelengths
and varying heights. The profilometer filter separates out different
wavelengths (the filter wavelength is called a cut-off) of the surface
being measured so that they can be analyzed separately. The analysis
results in determining the roughness and waviness of the surface.

Early surface measuring instruments used electronic analog fil-
ters known as 2CR filters. The 2CR stands for two capacitors and two
resistors. These electronic filters suffer from phase distortion due
to their electronic components. As such, separation of the waviness
from the roughness of a surface can be unsatisfactory using this
type of filter.

Today, ISO 3274 compliant profilometer instruments use phase
corrected filters, preferably Gaussian filter in the case of tooth flank
roughness measurement. These types of filters drastically reduce
the distortion when separating waviness from roughness. These fil-
ters are very robust, but can only be implemented by mathematical
algorithms using digital computer processing. A phase corrected
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Figure 2: Contact Stylus Profilometer schematic.
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Figure 3: Profilometer sub-components showing its Measuring Loop (from 1S0
3274).

Gaussian filter commonly used in today’s profilometers complies
with ISO 3274, and can be said to be the basis for modern day pro-
filometry.

It must be noted that the distortion by 2CR filters can be mini-
mized if the recommended sampling lengths (cut-off wavelength)
are followed as per ISO 4288:1996. (ISO 4288; the procedures for
roughness measurement (to be discussed in a later article). However,
a minimal distortion can be achieved only in regards to the Ra and
Rz roughness parameters. As such, 2CR filters can comply with ISO
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Figure 4: Modern Profilometers will not allow the “wrong” tip orientation to traceB
a surface. [6]

3274 in regards to Ra and Rz, but for other types of roughness param-
eters the distortion can be significant. Since many more roughness
parameters are important in today’s profilometry, 2CR filters are
generally no longer available or used in profilometry.

THE PROFILE FILTER

How does the profilometer’s phase correct filter work? In basic terms,
a cut-off (specific wavelength) is a filter and is used as a means of sepa-
rating the irregularities found on a surface. Cut-offs have a numeri-
cal value that, when selected, will reduce or remove the unwanted
wavelengths (irregularities) from the surface analysis. For example,
aroughness filter cut-off of 0.8 mm will allow wavelengths below 0.8
mm to be assessed, or included in the roughness measurement, while
wavelengths above 0.8 mm are reduced in amplitude, or removed.
Inversely, for a waviness filter cut-off of 0.8 mm, wavelengths above
0.8 will be assessed while wavelengths below 0.8 will be reduced in
amplitude, or removed. By this filtering method, the surface measure-
ment can be separated into the short wavelength roughness profile
or the long wavelength waviness profile. See Figure 1 for a graphical
presentation of an ISO 3274 compliant profile filtration of a surface.

A detailed description of the filter characteristics needed to com-
ply with ISO 3274 is beyond this article’s scope, but can be found in
ISO 11562 [5]. Fortunately, the four nominal values for the rough-
ness cut-off wavelengths of the profile filter cited in ISO 3274 are;
0.08 mm; 0.25 mm; 0.8 mm; 2.5 mm; 8.0 mm. The roughness cut-off
wavelength is symbolized by Ac.

ISO 3274 completes the filtration specification by citing the rela-
tionship between the cut-off wavelength Ac, the stylus tip radius and
the roughness cut-off ratio (the ratio of the cut-off wavelength to the
trace sample length (Ac/As) in a simple table. This table is the basis
for all roughness measurement setup and procedures.

OTHER CHARACTERISTICS

Given the proper filtration capability, what other characteristics are
needed in a profilometer to comply with ISO 3274? The Specification
cites:

) The definitions of the surface profile.

) The stylus instrument schematic (see Figure 2).

) Lists the instrument’s sub-components.

b Cites the measurement loop.

) The definitions of the metrological characteristics of the instru-
ment.

) And specifies the nominal values for the instrument’s stylus
geometry and measuring forces.

See Figure 3 for the example from ISO 3274 of the profilometer’s
sub-components and measurement loop.

To summarize ISO 3274:

) The profilometer is designed to separate and measure surface
roughness and or waviness.

) The measurement loop of the profilometer is defined with the
sub-components identified.

) The measuring loop connects the all the mechanical sub-compo-
nents of the profilometer to the work piece surface to be measured.
Note: A recording capability is also recommended in ISO 3274.

Note: A separate article will detail the characteristics, use and
maintenance of profilometer diamond tipped styli.

) The profilometer is specified with nominal dimensions for the
various applicable styli.

) The profilometer specified measuring forces the stylus applies
to the surface being measured.

SUMMARY

Modern day contact stylus profilometers that comply with ISO 3274
have ISO compliant filtration capabilities that minimize distortion
using a phase correct Gaussian filter recommended for gear flank
roughness measurement. Today’s instruments come equipped with
tip orthogonality (positioning) boundaries (see Figure 4 for orthogo-
nal tip positioning) and form (shape) correcting limits. These features
result in surface measurements that can be completed easily, and
with reasonable accuracy.

These instruments are robust, simple to operate with minimal
training for set up and operational procedures, and can reproducibly
measure flank roughness. A typical shop floor, ISO 3274 compliant
profilometer set up will cost approximately $25,000 to approximately
$35,000. This profilometer forms the basis for a pragmatic, accurate,
repeatable and reproducible tooth flank roughness measurement and
documentation capability in a gear manufacturing environment.

Future articles will discuss the profilometer stylus, set up and
measurement procedures, and the proper specification-documen-
tation of roughness. ¥
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