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Abstract: Although manufacturers of coordinate measurement systems and gear measurement sys-
tems already provide instruments that enable an end-of-line-monitoring of the roughness properties
of gears, the roughness measurement on gear flanks still lacks traceability with respect to the stan-
dardised SI-units. There is still a gap between well standardised roughness measurements on planar
surfaces and gear measurements on involutes. This gap is bridged by a novel physical measurement
standard (PMS), also referred to as material measure, for roughness measurements on involute
gears that has been developed at the Physikalisch-Technische Bundesanstalt (PTB). The necessary
transformations between the systems of roughness and gear measurements have been implemented.
The measurement standard itself represents calibrated roughness values for the parameters Ra, Rz,
Rq, Rk, Rpk and Rvk and Mr1 and Mr2. Furthermore, the PMS can be measured both with classic
profilometers as well as gear measurement systems with integrated roughness probes.

Keywords: surface roughness metrology; gear metrology; traceability

1. Introduction

The relevance of the quality of surfaces of gears has increased dramatically over the
last decade. Its texture has big impacts on the efficiency of gear boxes, which is why a
precise description of profile properties is required. The mechanical power density, running
behaviour, noise and the wear of a gear are influenced by the roughness properties of gear
flanks [1].

In order to decrease noise [2], wear and power dissipation [3–5], gear flanks with
roughness values of Rz ≤ 0.5µm are achieved and used in production. This is made
possible by using modern manufacturing processes such as slide grinding or polishing
grinding [6].

This is why the surface quality of gears has grown more important over the last ten
years. Manufacturers of coordinate measurement systems and gear measurement systems
have developed probes specially designed to enable end-of-line-monitoring of the rough-
ness properties of gears [7,8]. Manufacturers of such instruments request national institutes
and standardisation committees to meet their demand for traceability and comparability
with established roughness metrology. Their customers typically are those in machine
building and automotive industries. However, the roughness measurements on gear
flanks still lack traceability with respect to standardised SI-units. Physical Measurement
Standards (PMS), also denoted as material measure, for conventional roughness profile
measurements represent planar surfaces only. In addition, most of them do not represent
the functionality of surfaces regarding their tribological properties. The big challenge of
roughness evaluations on gear flanks lies in the involute shape of the surface [9].

There still is a gap in dimensional metrology between measurement technologies
for inspecting surface textures and for inspecting 3D geometries [10,11]. Surface texture
measurement strategies consider a surface as a plane with the topographic features per-
pendicular to the plane and being around three orders of magnitude smaller than the
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lateral sizes. Objects mounted on conventional roughness measurements instruments are
required to be flat and often required to be sufficiently small. Calibration procedures for
maintaining traceability of roughness instruments have been established for many decades.
However, in the case of roughness metrology on involute geometries, the planarity assump-
tion no longer holds. As a consequence, specific involute measurement devices have been
developed and are already commercially available. For the specific involute roughness
measurement systems, no calibration strategies currently exist. As those measurement
systems are capable of mounting larger gear systems and can scan single teeth on an entire
gear, it is a challenge to inspect such a system and to retrace its roughness data to the SI.

Physical Measurement Standards (in short, PMS, and also referred to as material mea-
sure) are a common means to represent physical quantities used for calibration. Despite
new and innovative approaches to the manufacture of PMS [12,13], there is still no PMS
allowing for the traceability of roughness measurements on an involute shape. Such a
Physical Measurement Standard has been developed at the Physikalisch-Technische Bunde-
sanstalt (PTB). It yields the following unique features of a PMS employed as the calibration
standard for the inspection and calibration of involute roughness measurement systems:

• First roughness measurement standard on a non-planar (but involute) surface;
• Modular layout of the artefact for both types of measurement systems on gear mea-

suring machines and classical profilometers.

This publication on the development of a PMS is structured as follows.
In Section 2, the processes of measurement, analysis and calibration of the standard

are explained. Different methods of separating form from form deviation and surface
texture are presented. The two differing coordinate systems of profilometer data and of
gear measuring machine data are explained. A procedure to determine the involute form
from data of the profilometer by a least square optimisation algorithm is described. In
roughness metrology, standardised filtration methods are employed to separate long and
short spatial wavelength components of the topography, which are referred to as waviness
and roughness profiles. After discussing the usage of the filters that are in accordance
with standardised filtration methods, statistical parameters characterizing surface texture
features and that are embodied within the standard are discussed shortly.

Subsequently, the characterisation of an example gear used for developing the evalua-
tion algorithms and designing the PMS are shown in Section 3. It comprises the presentation
of different profiles from different forms of elimination procedures and measurement sys-
tems and different reference systems as well as the corresponding roughness and material
ratio values.

The discussion is followed by Section 4, in which the methods and concepts of the
development of the standard are presented. Starting with the explanation of the modular
structure of the standard, other characteristics of the manufacturing process are then
outlined. This is followed by the presentation of the calibrated roughness profile, including
the discussion of the influences on measurement uncertainty. Finally, a short discussion on
alternative surface finishing processes with regard to the relocalisation issue is included.

As a conclusion, the impact of the results as well as suggested applications are dis-
cussed, and an outlook on further questions and interesting challenges is provided in
Section 5.

2. Methods for the Analysis of Surface Roughness on Involutes

In order to close the gap between the described measurement principles of surface
texture measurements and 3D gear property measurements, different coordinate systems
were used: a Cartesian coordinate system used by profilometers and a non-Cartesian
system of roll angles referred to as gear coordinates. The association of the involute form
to data points on the surface of a tooth that are represented in profilometer coordinates
requires an appropriate optimization procedure, which is presented in this article. The
obtained involute parameters enable a transformation into gear coordinates and form
removal in order to obtain the primary profile for roughness analysis. In roughness
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metrology, standardised filtration methods are employed for separating long and short
spatial wavelength components of the topography, which are referred to as waviness and
roughness profiles.

2.1. The Involute

The most commonly used shape of gear teeth by far is the involute, shown in Figure 1.
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Figure 1. Left flank involute (blue) defined by the base circle radius rb and parameterised by the roll
angle ξ as defined in Equation (1).

All form deviations including the roughness values have to be evaluated relative to
the ideal involute of the workpiece. The simplest form and position of a left flank involute
~I in the x-y-plane is described by using the roll angle ξ:

~I = rb ·
[(

cos(ξ)
sin(ξ)

)
− ξ

(
sin(ξ)

− cos(ξ)

)]
(1)

with rb denoting the base circle’s radius and ξ denoting the roll angle. The roll angle ξ can
be expressed as function of the base circle radius rb and the roll length l.

ξ =
l

rb
. (2)

In contrast to common usage with respect to parameterising involute geometries with
roll length l, this article preferably employs roll angle ξ instead.

2.2. Coordinate Systems Involved

The modular design of PMS facilitates measurements on both gear measuring systems
and classical profilometers. While the former directly uses gear coordinates and mainly roll
length l as their reference system, the latter detects the profile of a probe by using Cartesian
coordinates, in this case on the surface of a tooth. Roughness parameters, however, are
defined by assuming planar surfaces, thus using Cartesian coordinates on the surface of
the workpiece. The surface is considered as a skin that is unwrapped from a geometrical
element. In the case of a gear tooth, the involute shape is removed by delivering the
positions along the arc of the tooth in a two-dimensional Cartesian coordinate system. The
lateral coordinate values lie on the arc of the fitted involute, and the vertical coordinate
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values represent the deviations of the real workpiece surface normal to the fitted involute.
These point pairs represent the so-called primary profile.

While a gear measuring machine delivers roll angles or roll lengths and the full
geometry of the workpiece, a profilometer has no information on the geometry of the gear
and, therefore, no access to the involute shape. The profilometrically obtained topography
data do not provide information on the actual involute arc geometry and represent the
profile points in a Cartesian system with its lateral axis lying parallel to some secant of
the arc with its absolute position relative to the involute remaining unknown. This means
that at least four different reference systems have to be considered when dealing with the
different methods of measuring and analysing the profile of this gear-roughness standard.
Those reference systems are illustrated in Figure 2 via an artificial texture as sinusoidal
profile to illustrate the non-linearity of the transformation between the coordinate system
of roll angles and chord positions; they are defined as follows:

1. The Cartesian system Kcart,ideal (Figure 2a) in which the ideal involute is defined
following Equation (1);

2. The Cartesian system Kcart,profilometer (Figure 2b) in which the profilometer measures
the surface points;

3. The surface system Karc (Figure 2c) using the arc length s (actual definition of rough-
ness properties);

4. The gear system Krolllength (Figure 2d) using roll length l (and the proportional roll
angle ξ) (gear measurement systems).

One deviation profile will appear differently when displayed (or measured) in different
reference systems, as shown in Figure 2a,d, with an artificial profile. A profile that appears
as a regular sine with respect to the arc length (Figure 2d, Karc) also includes the shape
of the involute, when displayed in Cartesian coordinates including the involute shape
(Figure 2a, Kcart,ideal and Figure 2b, Kcart,profilometer).

Using roll length l = rb · ξ as the reference length (Krolllength) shows the same profile
stretched and compressed in the x-axis, as shown in Figure 2d. Most measurements
in gear metrology are described in reference to the roll length l. Hence, the distinction
between l and the arc length s marks the gap between the gear metrology sector and the
classical roughness measurement sector. This means that it is of utmost importance to
always ensure that measurements and evaluations are performed by using the adequate
coordinate system. To be able to correctly evaluate and compare the measured data, one
first needs to be able to transform the data between these reference systems.

The relevant transformations are presented subsequently. Note that combining the
three presented transformations enables the transformation between all coordinate systems;
only the optimisation algorithm cannot be reversed if the transformation parameters are
not saved separately.
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Figure 2. Cont.
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Figure 2. Artificial deviation profile presented in different reference coordinate systems. (a) Ideal
involute coordinate system: shows the profile as it appears in the coordinate system of the ideal
involute Kcart,ideal (dashed line). The green arrows indicate the x-axis and y-axis of the coordinate
system along a chord for (b). (b) Profilometer coordinate system: shows the profile as it is measured
with reference to a chord of the involute such as it is performed on a profilometer (Kcart,profilometer).
(c) Arc length coordinate system: shows the profile as it appears with reference to the arc length
s (Karc). In this case, the x-axis follows the shape of the ideal involute. (d) Roll length coordinate
system: shows the profile as it appears with reference to roll length l in coordinate system Krolllength

and causes the profile, which appears as a regular sine-wave in the arc length system, to appear
non-linearly stretched.

2.2.1. Kcart,ideal → Krollength

The coordinates in the roll length reference system are as follows:

Zrolllength,i =

(
ξi
pi

)
(3)

where they consist of the amplitude of deviation pi of the Cartesian data point Zideal,i to the
ideal involute Iideal and the roll angle ξ marking the base point Iideal,i on the ideal involute.
The base point Iideal,i is the point on the ideal involute that fulfills the requirement that
Iideal,iZideal,i is perpendicular to the involute in Iideal,i. The transformation from Kcart,ideal
to Krolllength requires that for every Cartesian point Zideal,i, the corresponding base point
Iideal,i is calculated. A parametrisation that includes this transformation has already been
described by Härtig et al. in [14]. By using the parametrisation of cartesian coordinates via
different parallel involutes and simplifying it to the two-dimensional case of spur gears,
one can transform any point in the Cartesian x-y-plane (Kcart,ideal) to the corresponding
gear-related coordinates of roll-angle ξ, the amplitude of deviation p and the position of
the base point on the ideal involute.
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2.2.2. Krolllength ↔ Karc

The data points in the roll length system Krollength only differ from the arc length
system in their x-coordinate. In other words, the difference is not what the amplitude of
the deviation is, but where on the involute it is located. In both cases, the x-coordinates
mark distinct points on the ideal involute (1), which yields the following.

s =
1
2

rbξ2 ⇔ ξ =

√
2

s
rb

(4)

2.2.3. Kcart,profilometer → Kcart,ideal

It is assumed that the measurement on the profilometer has taken place sufficiently
perpendicular to the gear axis. Therefore, both reference systems are located in the same
3D-plane. This reduces the transformation to a 2D-problem.

The Cartesian coordinate systems Kcart,profilometer and Kcart,ideal only differ in posi-
tion and orientation to one another. This means that the transformation between these
coordinate systems can be performed by using one translation via a two-dimensional
vector:

vtrans =

(
vx
vy

)
(5)

and one rotation around an angle ϕ via the following operator.

M̂ =

(
cos(ϕ) sin(ϕ)
− sin(ϕ) cos(ϕ)

)
. (6)

This, however, requires the knowledge of vtrans and ϕ. In practice, the transformation
can be implemented with different methods depending on the definition of vtrans and ϕ. As
visualised in Figure 3, one defines ϕ as the angle between the line through the first and last
point of the measurement data gprofilometer and through the first and last point of the fitted
data gideal. The vector vtrans is defined as the vector from the first data point Zprofilometer,1 in
the Kcart,profilometer-system to the corresponding point Zideal,1 in the Kcart,ideal-system. The
transformation is then executed by rotating and shifting the data points accordingly. The
measurement on a profilometer, however, does not provide any direct information about
the position of the measured data relative to the ideal involute.
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Figure 3. Principle of the fitting process: The profile as measured by the profilometer (red) is fitted
onto the ideal involute (black), yielding the measured profile in the coordinate system of the ideal
involute (blue). This is performed by finding the shift-and-turn transformation that yields the
minimal squared error of the transformed curve to the ideal involute via an optimisation algorithm.
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That is why an optimisation algorithm (fit) is implemented to find the optimal trans-
formation parameters vtrans and ϕ. The optimum is defined as the transformation that
yields the transformed profile Zideal with the least mean square error to the ideal involute
Iideal,i. In other words, the profilometer profile Zprofilometer is shifted and turned until it
matches the ideal involute best.

In order to stabilize the optimisation procedure, choosing reasonable starting values
for the transformation parameters will be helpful, e.g., choosing a vector that shifts the first
point of Zprofilometer,1 to the first point of the ideal involute Iideal,1.

Alternative form fitting methods are available and are described in [15].

2.3. Form Removal

The developed optimisation algorithm combines the transformations between all
coordinate systems described in Section 2.2. As a result, when applied to a Cartesian data
set of profile measurement data (such as in Figure 2b) and the base circle radius rb of
the ideal involute is provided, the algorithm directly provides the primary profile as the
deviation of the measured coordinates from the ideal involute in reference to the unwound
arc length s (such as in Figure 2c). This fitted profile also provides absolute information
about the position of the measured data on the involute and, therefore, enables the reference
of the profile to the gear dimensions. Note that even an incomplete form removal provides
an adequate primary profile for the roughness evaluation as remaining form contributions
will also be removed by removing the waviness profile, as described in Section 2.4.

A different approach to remove the form from the measured data is to by directly
applying a smoothing spline to the measured coordinates. This effectively projects the
profile onto a chord of the ideal involute, along which the profilometer has registered the
measured coordinates (see the dashed green axis in Figure 2a). The obtained primary
profile is (slightly) compressed in comparison to the fitted primary profile. This can be
compensated by stretching the primary profile laterally, if (e.g., by comparing with the
fitted profile) the correct lengths of the measured profile segment are known. This stretched
profile still contains a deviation in the position of the coordinates, as linear stretching does
not account for the real distribution of measured points along the shape of the involute.

2.4. Filtration

In standardised procedures of geometrical product specification, geometrical irregular-
ities or form deviations contained in a scale-limited area or profile are referred to as surface
texture (see [16] Clause 3.1.2). The ISO standard [16] specifying the statistical parameters
for characterizing roughness defines the term primary profile, in short P-profile, as the
residuals of a profile trace on the surface of a geometrical object obtained by removing
the form. Furthermore, it defines the waviness profile, W-profile, as a scale-limited profile
obtained by removing small scale lateral components and the roughness profile, R-profile,
as a scale-limited profile obtained by removing large scale lateral components.

The removal and the separation of small and large scale lateral components, respec-
tively, are performed by applying a filter with specified cut off wavelength λc, which, in
roughness metrology, is also referred to as nesting index. There exist a variety of filter algo-
rithms specified in a series of ISO standards. The commonly used filter is a Gaussian filter
specified in ISO standard 16610-2 [17]. Let zP(x) be the primary profile, then the waviness
profile is obtained by a linear low pass filter either by convolution of the following:

zW(x) =
∫

s(x′) zP(x − x′)dx′ (7)

with a convolution kernel

s(x′) =
1

αλc
e−π

(
x′

αλc

)2

(8)
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or equivalently in the Fourier domain with the following transfer function.

H(λ) = 2−(
λc
λ )2

= e−π(α λc
λ )2

(9)

α =
√

ln(2)
π and λ are the spatial wavelengths. The transfer function H is the low

pass filter, while 1 − H(λ) is the high pass delivering the roughness profile, R-profile
and zR. Equivalently, the R-profile is given by the P-profile by removing the W-profile:
zR = zP(x)− zW.

In order to minimize filtration errors of signals of finite size, the borders need to be
dealt with appropriately. The usage of any kind of windowing function suppresses infor-
mation and amplitude content within the border regions. However, using a combination of
the Gaussian filter with a Savitzky–Golay filter minimizes such effects that the roughness
metrology refers to as end effects. Savitzky–Golay filters employ regression polynomials to
locally follow a signal, and the local range it acts on depends on the width of the regression
polynomial. The degree of the regression polynomial determines the shape it follows. A
straight line follows the slope of the signal within the covered range, a parabola of the
curvature and so forth. To minimize end effects, the width of the range covered by the
regression polynomial is equal to the cut off wavelength λc, and the degree shall comply
by following the signal slope at the border regions. A shape retainment expressed by
following the primary profile’s curvature is not required because it is assumed that the
curved shape lies inside the form associated when fitting the involute. The Savitzky–Golay
polynomial chosen is, therefore, the straight line, i.e., the order of the polynomial is p = 1.
The filter is called a Gaussian regression filter, as developed in [18,19], and subsequently
standardised as ISO 16610-28 [20]. For a discrete set of data points (xk, zk) representing
a profile and with zW denoting the waviness profile and zP, which is the vector of height
values of the primary profile, the Gaussian regression for order p = 1 is given by the
following convolution:

zWk = (1 0)
(

XT
k Sk Xk

)−1
XT

k Sk zP (10)

with XT
k Sk Xk = 

n
∑

l=1
(xl − xk) sl,k

n
∑

l=1
(xl − xk)

2 sl,k

n
∑

l=1
sl,k

n
∑

l=1
(xl − xk) sl,k

 (11)

and the following.

XT
k Sk zP =


n
∑

l=1
(xl − xk) sl,k zPl

n
∑

l=1
sl,k zPl

 (12)

sl,k is the Gaussian kernel for distances x′ = xl − xk in Equation (8); l, k and n are
integer numbers; l, k = 1, . . . , n are the indices of discrete sampling positions xl and xk, i.e.,
the coordinates of the lateral axis; and n is the number of sampling points.

At the central part of a signal, i.e., beyond the two border regions of length of the cut
off wavelength, the Gaussian Regression for order p = 1 according to Equations (10)–(12)
and the Gaussian filter according to Equation (7) or Equation (9) deliver the same result.
Therefore, they can both be used interchangeably in case border regions are omitted for
subsequent evaluations of statistical roughness parameters. Effects at the boundary region
are significantly smaller when employing the regression Gaussian filter instead of the
Gaussian filter. Therefore, the Gaussian regression filter is required in this case, the work
piece or measurement setup does not allow enough space to perform pre-trial scan and
trial scan regions and Gaussian regression has to be employed.
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2.5. Roughness Parameters

The standard ISO 4288 [21] and its successor ISO 21920-3 [22], respectively, specifies
the evaluation length le of a roughness profile and the value of the cut off wavelength
λc, which is the length of a single section, in accordance with the range of values of Ra
or Rz. The evaluation length le is an integer multiple nsc of sections of a length equal to
the cut off wavelength.

le = nscλc. (13)

The default value of the number of sections specified in ISO 4288 [21] is nsc = 5.
For the application dealt with in this article, the appropriate value of the cut off

wavelength is λc = 0.8 mm; hence, le = 4.0 mm.
The height parameters Ra, Rq and Rz characterizing the height distribution are defined

in ISO 21920-2 [16], which will soon replace ISO 4287 [23] as follows:

Ra =
1
le

∫ le

0
|z(s)|ds , (14)

Rq =

√
1
le

∫ le

0
z2(s)ds (15)

and the following is the case.

Rz =
1

nsc

nsc

∑
i=1

Rz,i (16)

Rz,i is the difference between the height value of the summit of the highest peak and
the lowest point of the deepest dale within the i-th of nsc sections.

Material distributions provide additional information about the profile. This is why
the Abbott–Firestone curve is evaluated and the material ratio parameters Rk, Rpk, Rvk
and Mr1 and Mr2, as defined in ISO 13565-2 [24] which will also be succeeded by ISO
21920-2 [16], are calculated.

2.6. Measurement Systems

Profilometer measurements are carried out by using the High Resolution Topo Scan
(HRTS) that has been developed at PTB. It is traced back to the SI functioning as the
reference profilometer. The HRTS is capable of providing roughness measurements with
measurement uncertainties (MU) in the Nanometer range [25]. The HRTS profiler moves
a stylus with diamond tip along a straight line. The stylus is controlled to follow the
topography of a scanned surface. Scanning a gear tooth with the profilometric measurement
principle then results in a data set of equidistantly sampled lateral positions along a
chord line of the tooth’s involute shape and the belly of the involute shaped as vertical
height values.

The P40—measurement system (P40) by the KLINGELNBERG AG [26] is capable of
measuring roughness profiles on gear flanks within a gear measurement regime. A dia-
mond tip is moved along the surface of the gear flank as the gear is turned. This ensures
that the measuring probe is orientated perpendicular to the surface for the entire measured
line. The recorded coordinates are distributed equally in length of roll l = rbξ, although
they are displayed in the arc length dimension.

The two differently operating measurement system deliver very different profile data.
While the HRTS delivers a data set displaying the involute shape, the P40 delivers a profile
that does not contain that shape. This requires that, for the profilometer, a form removal is
to be performed in order to obtain the primary profile zP.

The sampling intervals differ as well. While the sampling intervals of the profilometer
are equidistant with respect to a chord close to the surface of the tooth, the sampling
intervals of the P40 are not. They are regularly distributed along roll angle ξ instead.
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For both types of instruments, a separation of the larger scale components of the
texture, the waviness and the small scale texture features is realised by applying a Gaussian
filter or a Gaussian regression filter.

3. Investigations of the Roughness of an Industrial Gear

To provide a physical measurement standard, PMS, that is sufficiently representative
of the gears used in the industry, a typical work piece has been chosen as the master
work piece (see Figure 4). The master work piece represents a typical gear of a common
industrial application. It is a spur gear as used in reverse gears in the automotive industry
with a base radius of rb = 39.9 mm and z = 17 teeth.

Figure 4. A typical spur gear used in industry with z = 17 teeth and base radius rb = 39.9 mm taken as master piece for
investigations to aid the process of designing a physical measurement standard.

The surfaces are finished by gear-grinding processes with rolling in accordance with
the involutes. Even after super fine end finishing without rolling, the roughness features
are visible and vary between root and tip of a tooth. Figure 5 shows a variation, the
so-called gradation, of roughness parameters Ra, Rq and Rk as functions of the position of
the evaluation interval of the roughness profile zR on the master work piece.
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Figure 5. Roughness parameters as function of the position xm of the evaluation interval; the master
gear shows that the roughness is graded along the profile.

To facilitate the examination of a tooth flank of the master work piece by the PTB
home built profilometer HRTS, one of the teeth has been removed. Then, profiles have been
scanned on the exposed tooth from the root to the tip. Scanning a tooth on the gear enables
a comparison measurement on the P40 instrument. The scanning direction is referred to as
x-direction. The profiles have been processed by form removal and waviness filtration.

The measured profiles have a length of 8 mm. The roughness parameters in Figure 5
have been obtained, as explained in Section 2.5, by using an evaluation length of le = 4.0 mm.
The roughness parameters as functions of the positions xm of evaluation intervals
[xm − 1

2 le, xm + 1
2 le], i.e., as Ra(xm), Rq(xm) and Rz(xm), clearly show a change between

root and tip region of a tooth. This reveals that the relocalisation of the evaluation region is
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an important issue. For the design of a physical measurement standard, this issue includes
two aspects:

• One aspect is that the dependence of the roughness parameters on the position of
the evaluation region should be negligible by preparing a surface texture that is
homogeneous.

• The other aspect is the macroscopic geometry which is the involute shape with root
and tip of a tooth and its orientation and position relative to the base circle.

The involute shape is a function of the base radius rb. In order to remove the form
from the profile measured by the HRTS, the data points of the cartesian system of the
profiler are related to the involute shape and orientation, as explained in Section 2.2. This
optimization procedure has specifically been developed for these investigations and is not
available in any kind of software of commercial form testers and profilers. Therefore, an
alternative form operator that is more easily obtainable, such as a smoothing spline, has
been employed to compare the influence of form operation.

To compare the gear measuring system P40 with the profilometer HRTS, the same
tooth of the master work piece has been scanned with both instruments. Furthermore, the
HRTS measured profile has been processed by three different methods resulting in four
types of primary profiles zP:

1. P40 measurement system;
2. HRTS: form removal via the fitting algorithm delivering lateral coordinates on the arc

of the involute and vertical perpendicular to the arc;
3. HRTS: form removing the form via a smoothing spline filter delivering lateral coordi-

nates on a chord;
4. HRTS with spline but stretched according to the arc length.

All primary profiles have been filtered with a cut off wavelength λc = 0.8 mm.
In order to reduce the effect of the dependency of the roughness parameters on the

position xm of the evaluation interval, the size of the interval has been increased by using
more sections nsc = 8 such that the interval size now takes le = 6.4 mm. A larger evaluation
length means a larger range to average roughness features.

The influence of the form operation on the appearance can be observed when regarding
the distinct characteristic deep valleys and peaks (see Figure 6). The profiles measured
by the HRTS system deviate from the profile measured with the P40 system, mainly due
to the different reference lengths. The P40-profile is measured with data points equally
distributed along the roll angle; thus, the roll length is measured, but it is plotted as a
function of the position on the arc of the involute and the arc length.
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Figure 6. Four roughness profiles of the master gear comparing different measurement and different
data analysis strategies; profiles are shifted artificially in height by 1.5 mm for better vision.
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Identifying distinct peaks such as the deep valley around s = 7.3 mm for HRTS-
profiles and s = 7.9 mm for the P40-profile shows the same distinct properties of the profile
on the master work piece for measurements on both measurement systems.

However, this means that in addition to a different lateral distribution, distinct features
at the edge of the evaluated parts of the profile can slip in or out of the evaluation process
for the roughness parameters. This effect can be seen when comparing the HRTS-profiles
with the P40-profile in Figure 6.

Table 1 lists the values of the roughness parameters obtained from the four different
roughness profiles. To estimate the uncertainty range of the values of the roughness
parameters by using the larger evaluation length of le = 8 mm, the position xm of the
evaluation interval has been shifted along the scanning direction by ±0.1 mm.

Table 1. Results of roughness evaluation of the example gear.

Ra/µm Rz/µm Rq/µm Rk/µm Rpk/µm Rvk/µm Mr1/% Mr2/%

fit HRTS (reference values) 0.147 0.98 0.187 0.47 0.17 0.26 10 92.0
range of values 0.018 0.16 0.027 0.05 0.06 0.10 6 4

chord HRTS 0.136 0.95 0.172 0.45 0.14 0.22 7 91

stretched chord HRTS 0.136 0.94 0.172 0.45 0.14 0.20 7 90

reevaluated P40 0.17 0.96 0.21 0.53 0.23 0.21 8.3 88.7
range of values 0.017 0.022 0.021 0.04 0.09 0.01 0.9 0.017

The results obtained using the spline filter for form removal deviate only slightly from
the results obtained by subtracting a fitted involute. This shows that using a spline filter
can be a valid alternative to the fitting algorithm even on such a curved surface.

It is apparent that many parameters evaluated from P40-profiles deviate distinctively
from the parameters evaluated from the HRTS profile. This is further illustrated in Figure 7,
which shows the relative deviations of the P40-measurements from the reference values
from the HRTS-measurements, including the possible range of values discussed above.
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Figure 7. Relative deviation from mean of each of the roughness parameters obtained by the involute
form operator plotted for six different roughness parameters; error bars indicate the range of results
obtained by varying evaluation positions.

Implications

The distinct deviations between the evaluations using the two measurement systems
imply two important requirements for the roughness evaluation and, therefore, for the
design of a roughness standard:

• In the case of surfaces with heterogeneous textures, the position of the evaluated inter-
val can have significant influences on the values of roughness parameters. Therefore,
physical measurement standards, PMS, are designed either with texture features with
a periodicity of an integer fraction of the section length or with a homogeneous texture.
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• The type of reference system influences the position of the evaluation interval, which
in the case of heterogeneous and non-periodic textures has an influence on deviations
of roughness parameter values.

4. Physical Measurement Standard (PMS) Representing Roughness on Involutes
4.1. Design of the PMS

The goal is to realize an artefact as PMS for calibrating measurement instruments that
determine roughness on gear teeth. The requirements are that the roughness parameters
represented by the PMS should adhere to the following:

• Are reproducible and have to be insensitive to the positioning of the evaluation interval;
• Can be traced back to the international unit meter of the dimension length.

To facilitate calibration procedures using calibrated profilometers, a modular object
resembling a gear with shaft and gear piece has been designed. This ensures that the gear
piece, representing a tooth, can be removed from the shaft such that it can be measured
with a profilometer separately. When combined, the entire standard can be examined by
using a gear measurement system and its roughness probes. The gear shaft then provides
the reference to the entire gear geometry with shaft axis direction and position and with
base radius rb. The modular structure of the standard is shown in Figure 8.

The axis of the gear shaft has to be coaxial to the axis of the involute on the gear piece
when the two modules are assembled. The measurement processes of the gear shaft and the
gear piece are independent in the case of this object and require sufficiently high precision.
Furthermore, consistency requires an exact adjustment of the gear piece when mounting it
on the shaft.

(a) Gear shaft length: 125 mm; diameter: 60 mm (b) Gear piece length: 31.1 mm; width: 5 mm; height: 15 mm

Figure 8. Components of the PMS: (a) gear shaft to enable measurements as a gear and (b) gear piece with calibrated
roughness profile.

The gear shaft of the PMS ensures that the profile can be measured similarly to a
common gear on a gear measuring system. This mainly means that the measurement
can be performed by using rolling movements. It consists of an axis with two reference
bands that enable determining the axis precisely and of a central cylinder with four eroded
deepenings that are precisely manufactured and hold the gear piece. The gear piece is
positioned by using a skew screw and a steel ball to ensure three-point contact of the gear
piece within the gear shaft. Using this technique, the surface centre of all three surfaces of
the gear piece can be positioned with a reproducibility of ∆x < 10µm .

The gear shaft can be used for gear pieces that embody rb ≥ 29 mm. Smaller base radii
cause the correct position of the root of the involute to be located within the body of the gear
shaft. Such profiles can, therefore, not be realised, including the root area of the involute.
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For the gear piece, a manufacturing method is needed that meets both requirements
concerning the design of the texture following an involute geometry and, furthermore,
has to be applicable on hardened steel such that diamond turning is not an option. The
most appropriate process that can be realized at PTB, therefore, is Electrical Discharge
Machining (EDM). The gear piece is manufactured from a hardened steel similar to the
materials used in actual gears in production. This ensures that the PMS resembles gears
from production also in its material properties and provides necessary robustness. Super
fine roughness standards are commonly manufactured from a copper substrate with a
layer hardened by nickel phosphorus that is thick enough to be usable for structuring. This
allows surfaces to be manufactured via turning with a highly determined diamond tip. It
enables the roughness profile to be configured before production on a µm level.

The PMS, however, faces additional requirements and is, therefore, not manufactured
via diamond turning. While high performance profilometers impose small contact forces in
the mN range, gear measurement systems often use much higher forces. To withstand these
contact forces, the gear piece of the PMS is made of hardened steel. PMS’s made of this material
are commonly used in gear metrology and maintenance procedures to prevent rust and to
keep the artefact clean are well established. In this manner, it is possible to perform roughness
measurements on the PMS both on classical profilometers and gear measurement systems.

The gear piece consists of a shank that fits into the gear shaft and ensures the precise
positioning of the gear piece and the actual embodied involute roughness profile. It has an
edge for the steel ball to lie in. When performing measurements on profilometers, one has
to account for their limited vertical measuring range. This can be optimised by tilting the
gear piece so that the necessary vertical lift of the probe is minimised.

The embodied involute determines the used base radius rb and the gear piece has to
be manufactured accordingly. The involute itself is marked with two approximately 5 µm
deep notches. These are used to facilitate orientation on the profile. The positions of these
markers, also referred to as fiducials (in roll length/arc length and the Cartesian coordinate
system), are known so that profile measurements can be aligned with these fixed points
in the coordinate systems. The primary profile after the form removal, as displayed in
Figure 9, clearly shows those fiducials in the root and tip part of the profile.
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Figure 9. Primary profile of PMS, i.e., profile after form removal and before filtration; physical
markers (fiducials) for relocalisation at root and tip of profile (green).

Manufacturing the shape of the involute by EDM creates a profile with the heights
following a homogeneous and normal distribution (see Figure 10). Although not periodic,
this ensures that the roughness evaluation is relatively independent of the exact position of
the evaluation subprofile, reducing the overall variance of roughness evaluation results.
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Figure 10. Roughness profile of Physical Measurement Standard (PMS) after form elimination and
filtration. (a) Complete roughness profile. (b) Zoomed in part of roughness profile.

4.2. Calibration of the PMS

The measurements for the calibration of the PMS are performed by using the HRTS
described in Section 2.6. Showing the profile obtained via the fitting algorithm not only
shows the structure of the roughness profile but also the two distinct valleys of the markers
at the root and tip part of the profile. These simplify the orientation on the profile but are
excluded from the filtered roughness profile to prevent distortions.

The roughness profile of the PMS, shown in Figure 10, consists of peaks and valleys
within the range of ±1 µm. There is no noticeable change in the characteristics along
the arc length. In contrast to the results of the measurements on the master work piece
shown in Figure 5), the roughness parameters remain almost constant for all positions of
the evaluation intervals (see Figure 11). By manufacturing a much more homogeneous
profile, the sensitivity of the evaluation towards the position of the evaluation subprofile is
reduced and the metrological applicability is improved.
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Figure 11. Roughness parameters as function of the position xm of the evaluation interval; PMS
shows that roughness is constant along the profile.
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Measurement uncertainties are influenced by the instrument, the measurement object
and the environment. The contributions due to the instrument and its environment are
small compared to the characteristics of the object. Previous investigations have already
shown how the sensitivity of roughness parameters to the heterogeneity of textures can be
determined [27]. For the industrial gear surface, it has been shown that texture varies along
the tooth and, therefore, causes a dependency of the roughness parameters on the location
of the evaluation region (see Section 3). The gear piece of the PMS has been manufactured,
aiming at a high degree of homogeneity of the texture. Still, there is a small residual
influence of the randomness of the texture features that needs to be accounted for as an
uncertain contribution. It has been observed that the contribution is significantly larger
than the uncertainty contribution of the HRTS measurement process. The relocalization of
the evaluation region and whether the evaluation length is that on the arc of the involute
or on its chord determine which texture features are included. Therefore, the following
parameters influence the uncertainty of the roughness parameters:

1. Position of the evaluated partial profile in tooth width direction;
2. Position xm of the evaluation region in involute direction;
3. Length le of the evaluation region;
4. Form operator: removal of fitted involute and removal of a smoothing spline with or

without scaling correction with respect to chord vs. arc bow size.

According to the “Guide to Measurement Uncertainty” and its supplementary docu-
ments [28], uncertainty has been estimated by varying the relevant parameters of the evaluation.

Roughness evaluation for the calibration values is performed by following the rele-
vant ISO standards ([21,23,24] and their successors [16,22]), with an evaluation length of
le = 5 · 0.8 mm = 4 mm.

The specific values of the roughness parameters will not be published to ensure the
possibility of future round robin tests but their magnitude and the determined measure-
ment uncertainties are presented in Table 2.

Table 2. Results of roughness evaluation of calibrated standard.

Ra/µm Rz/µm Rq/µm Rk/µm Rpk/µm Rvk/µm Mr1/% Mr2/%

magnitude >0.1 >1.0 >0.15 >0.3 >0.15 >0.15 >5 >85
<0.15 <1.5 <0.25 <0.6 <0.25 <0.25 <15 <95

measurement uncertainty 0.008 0.10 0.008 0.027 0.023 0.029 1.2 1.1

The values of the roughness and material ratio parameters are in the order of magni-
tude of common gears in production. The profile does not show the typical asymmetry
of deep valleys and small peaks but shows a normally distributed profile. This is demon-
strated in the symmetry of Rpk and Rvk.

As the profile is much more homogeneous than the profile on the example gear, the
volatility of the roughness evaluation results towards the position of the evaluation subpro-
file is much smaller. This in addition to utilising three repetitions of eleven measurement
lines on the gear piece results in a measurement uncertainty that is smaller in comparison
to the range of calculated values of the evaluation of the example gear.

4.3. Outlook: Manufacturing a Periodic Profile via Grinding

The roughness of the surface of the PMS gear piece has been manufactured in order
to minimize effects of texture inhomogeneities. On the other hand, the goal has been to
apply texture features that realistically represent the functionality of a gear. This second
requirement has not yet been fully met. Therefore, alternatives to electrical discharge
machining are sought after, especially those that can produce textures that resemble better
gear textures. Investigations of manufacturing periodic profiles of hardened steel by
grinding have already started.
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Although the repeated section is largely determined by the random configuration of
the grinding wheel, the sections can be placed together deterministically and with high
consistency for many instances, as shown in Figure 12. The resulting profiles are, therefore,
called semi-deterministic profiles. Up to now, this process could only be applied to a planar
rather than an involute geometry. It serves as proof of principle how well the relocalisation
problem can be overcome when grinding a surface. Further efforts to finish surfaces on
curved objects are in progress. This requires ultra-precision grinding processes applying
removals of less then 1µm in height in order to maintain an involute shape [29].
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Figure 12. Semideterministic periodic profiles that are an attempt to utilize periodic profiles on
involute gear flanks as PMSs. (a) Entire semideterministic profile manufactured by repeating grinding
processes and resulting in a periodic profile. (b) Peaks of different parts of the profile (start, centre
and end) combined and aligned: the peaks are equal to the sub-µm level; thus, the profile can be
considered to be periodic.

5. Conclusions

A Physical Measurement Standard (PMS) for roughness measurements on involute
gear flanks has been developed. It embodies calibrated roughness height parameters (Ra,
Rz and Rq) and material ratio parameters (Rk, Rpk, Rvk, Mr1 and Mr2). It is possible to
investigate the PMS both with classical profilometers as well as gear measurement systems
using the gear shaft. Measurement uncertainties are comparable to those of other PMS,
e.g., the Rk material measure described in [30]. As described in Section 1, there are already
established measurement systems capable of measuring not only the involute shape but
the roughness on the teeth of gears as well. The demand for traceability of roughness



Appl. Sci. 2021, 11, 10303 18 of 19

measurements on gears by manufacturers of such instruments and their customers can
now be fulfilled via the developed PMS.

Necessary evaluation algorithms have been developed. The developed optimisation
algorithm (fit) has shown to be capable of directly determining the primary profile as the
normal deviation from the ideal involute with respect to the unwrapped arc length of the
involute. This process uses more computing resources than when using a smoothing spline
as the form filter. However, the fit delivers information about the absolute position of the
profile on the involute and, therefore, enables the direct comparison of measurements on
profilometers and gear measurement systems, closing the gap between these applications
of roughness measurement.

Furthermore, it has been shown that the values of roughness parameters of inhomoge-
neous surface textures are highly sensitive to variations of the position of the evaluation
region. This positioning uncertainty further increased when the relevant reference systems
are applied incorrectly.

Next to the development of the semi-deterministically ground surface described in
Section 4.3, further comparative measurements of the calibrated PMS, especially on gear
measurement systems, are planned.
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