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Marc Pillarz*, Axel von Freyberg, and Andreas Fischer

Scalable multi-distance measurement approach
for the optical assessment of tooth-individual
shape parameters of large gearings
Skalierbarer Multi-Distanz-Messansatz für die optische Erfassung von zahnindividuellen
Formparametern von Großverzahnungen

Abstract: The demand for scalable measuring systems for
the fast measurement of tooth-individual shape parame-
ters of large gears is increasing. Due to a limitedmeasuring
speed and a limited measuring volume, standard tactile
gearmeasuring systems are only conditionally suitable for
comprehensive measurements of large gears. Therefore,
the applicability of a scalable optical multi-distance mea-
surement approach consisting of an optical sensor and a
rotary tablewith amodel-based evaluation is studied. As a
fundamental gear shape parameter, the base circle radius
of a large gearing is evaluated and the achievable mea-
surement uncertainty is estimated. As a result, the tooth-
individual base circle radius is determinedonaveragewith
an expandedmeasurement uncertainty (k = 2) of one quar-
ter of the required tolerance, and the realized measure-
ment setup enables the measurement of all teeth within
1 minute. Hence, the scalable optical multi-distance mea-
surement approach is appliacable for the fast measure-
ment of tooth-individual shape parameters of large gear-
ings.

Keywords: Optical large gear measurements, fast
multi-distance measurements, model-based evaluation,
confocal-chromatic sensor, measurement uncertainty,
scalability.

Zusammenfassung: Die Nachfrage nach skalierbaren
Messsystemen für die schnelle Messung zahnindividu-
eller Formparameter von Großverzahnungen steigt. Her-
kömmliche taktile Verzahnungsmesssysteme sind auf-
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grund einer begrenzten Messgeschwindigkeit und eines
begrenzten Messvolumens nur bedingt für umfassende
Messungen an Großverzahnungen geeignet. Daher wird
die Anwendbarkeit eines skalierbaren optischen Multi-
Distanz-Messansatzes bestehend aus einem optischen
Sensor und einem Drehtisch mit modellbasierter Aus-
wertung untersucht. Als grundlegender Formparameter
wird der Grundkreisradius einer Großverzahnung ausge-
wertet und die erreichbare Messunsicherheit abgeschätzt.
Im Ergebnis wird der zahnindividuelle Grundkreisradius
im Mittel mit einer erweiterten Messunsicherheit (k = 2)
von einem Viertel der geforderten Toleranz bestimmt, und
der realisierte Messaufbau ermöglicht die Messung aller
Zähne innerhalb 1 Minute. Der skalierbare optische Multi-
Distanz-Messansatz ist somit für die schnelle Messung
zahnindividueller Formparameter von Großverzahnungen
anwendbar.

Schlagwörter: optische Großverzahnungsmessungen,
schnelle Multi-Distanz-Messungen, modellbasierte Aus-
wertung, konfokal-chromatischer Sensor, Messunsicher-
heit, Skalierbarkeit.

1 Introduction
1.1 Motivation
The involute is the most commonly used shape for the
tooth flank of spur gears in gear technology [10]. The ge-
ometry of the involute is determined by the shape parame-
ter base circle radius. For the evaluation of the tooth flank
geometry, the deviation parameter profile slope deviation
is considered as a standard in gear metrology instead of
the base circle radius, but note that both variables corre-
late with each other through a linear relationship. Already
micrometer deviations of the base circle radius from the
nominal geometry can lead to a non-uniform transmission
behavior and a premature wear of the gears. Themanufac-
ture of gears with involute tooth flanks is therefore sub-
ject to tight manufacturing tolerances [6]. Derived from
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[6], base circle radius deviations in the low two-digit mi-
crometer range are tolerated depending on the gear qual-
ity and dimensions. According to [14], to ensure uniform
power transmission under load, a measurement uncer-
tainty (k = 2) of 20%–30% of the tolerances is necessary
for measuring the tooth flank geometry. For a small gear
with 26 teeth, a normal module of 3.75mm and a tip di-
ameter of 105mm, the base circle radius tolerance for gear
quality grade 6 is 20.4 µm. For a large gearingwith 38 teeth,
a normal module of 12mm (three times larger), and a tip
diameter of 480mm (four times larger), the base circle ra-
dius tolerance is only a factor of 1.8 larger and amounts
to 37.5 µm. The required uncertainty of measurement for
the large gearing is 11.2 µm (k = 2). Thus, large gears with
a tip diameter ≥ 1m or large gearings, independent of the
workpiece size, with a normal module ≥ 10mm are partic-
ularly challenging for dimensional metrology. As the di-
ameter and normal module of the gear increase, the ratio
of the gear diameter to the required measurement uncer-
tainty increases, although the tolerances also increase.

Due to the larger chip volume and longer machining
time compared to small gears, asymmetric heat input and
toolwear occur duringmanufacturing. Itmust therefore be
assumed that the individual teeth have individual shape
deviations and surface qualities. To ensure uniform power
transmission, the geometry of each individual tooth must
be inspected accordingly. However, as the number of teeth
increases, the measuring time also increases proportion-
ally, which is why fast measuring systems are required to
measure all teeth.

Furthermore, geometric measurements on large gears
represent an additional logistical challenge due to the
sometimes meter-sized dimensions and masses greater
than 500 kg. Therefore, measuring systemswith a scalable
measuring volume are required for the quality inspection
of large gears.

In summary, fast gear measuring systems with a scal-
able measuring volume are required that record the tooth
flanks of all teeth and quantify tooth-individual shape pa-
rameters such as the base circle radius with single-digit or
low two-digit micrometer uncertainty.

1.2 State of the art

The current state of the art for measuring the gear geome-
try is evaluated in this article on the basis of three criteria:
measurement uncertainty, measurement time and scala-
bility.

The gold standard for gear quality inspection is repre-
sented by tactile coordinate measuring machines (CMM)

and gear measuring instruments (GMI) [3, 9, 17]. Tactile
measurement methods are precise, but limited in terms of
speed and measurement volume. Due to both the sequen-
tial acquisition and the limited speed of tactile measuring
methods, only four teeth distributed around the circumfer-
ence of the gear aremeasured in standard gear inspections
[3]. However, this random inspection scope does not allow
a reliable quality inspection of all teeth, which becomes
increasingly important for the measurement of large gears
or large gearings. Moreover, no further significant devel-
opments are expected in tactile gear measurements [11].

For this reason, faster optical measurement ap-
proaches for gear measurement of all teeth have been de-
veloped and investigated in recent years [13]. Essentially,
current optical gear measurement approaches are based
on the measurement principle of interferometry or laser
triangulation.

In 2011 and 2014, Fang et al. presented an interfer-
ometric approach using phase shift technique for com-
plete two-dimensional detection of the geometry of a tooth
flank of small gears [7, 8]. However, while profile and flank
line measurements agreed with reference measurements
and the two-dimensional data acquisition significantly
reduced measurement time, the measurement setup is
only suitable for measuring a single tooth flank. In 2015
and 2017, Balzer et al. presented the point-by-point scan-
ning acquisition of the gear geometry using a frequency-
modulated continuous wave laser radar sensor moved by
a CMM [2, 3]. Experimental investigations showed that the
measurement results only partially agreed with the tactile
reference measurements. Moreover, no significant speed
advantage was achieved compared to the gold standard.
As a result, no optical gearmeasurementmethod based on
interferometry is currently suitable for the fast measure-
ment of all tooth flanks.

Laser triangulation based optical gear measurement
can perform point, line and area oriented measurements.
In 2005, Younes et al. presented a measurement approach
using point triangulation sensors in combination with a
rotary table to measure the gear geometry of all teeth
within one minute [25, 26]. However, a sufficient measure-
ment uncertainty for the evaluationof the tolerances could
not be achieved. Despite the fast and extensive measure-
ment of all teeth, the measurement approach is not suit-
able for a reliable gear inspection. Line-oriented measure-
ment approaches for gear measurements based on trian-
gulation are presented in [1, 13, 24]. Tian et al. used two
opposing triangulation sensors in combination with a ro-
tary table to acquire the geometry of all tooth flanks of a
small gear in onemeasurement run [24]. After the compen-
sation of systematicmeasurement deviations due to anun-
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known measurement setup, remaining measurement de-
viations of up to 59 µm were determined. With respect to
the required tolerances for gears, the achieved measure-
ment deviation is not sufficient, which is why the mea-
surement approach of Tian et al. is not suitable for fast
gear measurements. In 2019, Auerswald et al. presented a
laser line triangulation approach for measuring the geom-
etry of a tooth flank of a large helical gear [1]. Combined
with a linear axis as a scanning unit, the entire surface of a
tooth flank was measured with the laser line triangulation
sensor. Auerswald et al. determined the tooth flank shape
with a mean measurement deviation of ±8.2 µm. The two-
dimensional measurement approach also theoretically ac-
celerates gear inspection by a factor of 5700 compared to
classic tactile gear inspection. However, the measurement
setup is currently not designed for a fast gear inspection of
all teeth. In 2020, Guo et al. presented a successful geome-
try measurement of a small gear using a laser line triangu-
lation sensor and a rotary table. In one measurement run,
pitch and profile deviations of all tooth flanks were mea-
sured and subsequently validated with tactile reference
measurements. The determined pitch deviations differ by
3 µm and the profile deviations by only 1 µm from the tac-
tile referencemeasurements [13]. Ameasurement duration
for the measurement of all tooth flanks was not quantified
in detail, but the components used for the measurement
setup indicate possible measurement times < 10 minutes.

Fringe projection and moiré techniques are known
area-oriented measurement approaches for gear measure-
ments based on the triangulation principle. As early as
2000, Peter et al. presented a measurement approach
based on a fringe projector combined with a rotary table
formeasuring the geometry of the tooth flanks of small he-
lical gears [18]. The shape of the tooth flank could be mea-
sured with a measurement deviation of approx. ±10 µm.
Peter et al. emphasized the fast data acquisition due to
the two-dimensional measurement approach, but did not
specify a concrete measurement duration. In 2006, Meeß
et al. demonstrated anothermeasurement approach based
on fringe projection for the two-dimensional gear mea-
surement by integrating the fringe projector into an opto-
tactile CMM [16]. The measurement uncertainty achieved
for characterizing the gear geometry is insufficient in rela-
tion to the required tolerance. Since Meeß et al. performed
sequential pitch-related area-oriented measurements of
the individual tooth flanks, a significant speed advantage
over classic CMMs can be expected. However, the measur-
ing time was not quantified in more detail. The suitability
of the moiré technique for gear measurement was investi-
gated by Sciammarella et al. and Chen et al. In 2005, Sci-
ammarella et al. validated that the two-dimensional mea-

surement of the gear geometry using the moiré technique
combined with a rotary table achieves results comparable
to a CMM. They reached a measurement deviation for the
profilemeasurement of 3 µm [22]. Ameasurement duration
was not specified. Chen et al. achievedmeasurement devi-
ations < 5 µmwith their moiré approach for measuring the
geometry of gear teeth [4]. However, the approach is cur-
rently designedonly formeasuring a single toothflankand
not for measuring multiple tooth flanks in one measure-
ment run. In summary, current optical triangulation tech-
niques show great potential for fast measurements of the
geometry of gears with measurement uncertainties down
to the single-digit micrometer range.

In 2020 and 2021, Pillarz et al. proposed a scalable
multi-distance measurement approach for the fast mea-
surement of larger gears based on an optical sensor in
combination with a rotary table [19–21]. Here, a confocal-
chromatic distance sensor was established for the mea-
surement of gears. Using a model-based evaluation of the
sensor signal, Pillarz et al. determined the mean base cir-
cle radius over all teeth aswell as the tooth-individual base
circle radii of all teeth with single-digit micrometer uncer-
tainty of a small gear.

In conclusion, almost all measurement approaches
for optical gear measurements have been validated on
small gears so far. Only Auerswald et al. demonstrated a
tooth flank measurement on a large helical gear, but the
measurement approach was only designed for the mea-
surement of a single tooth flank. Pillarz et al. presented
a scalable multi-distance measurement approach for the
measurement of large gears and large gearings, but the
applicability to large gearings and the estimation of the
achievable measurement uncertainty in the determina-
tion of tooth-individual shape parameters still need to be
clarified.

1.3 Aim and structure of the article

In this article, the applicability of a scalablemulti-distance
measurement approach for the fast assessment of tooth-
individual shape parameters with a sufficiently uncer-
tainty of < 30% of the required tolerances is validated for
large gearings. As a fundamental shape parameter, the
tooth-individual base circle radius is evaluated using a
two-stage approximation based on a geometric model.
The measurement concept is realized by using a confocal-
chromatic sensor in combination with a rotary table to
perform continuous distance measurements to all tooth
flanks. To this end, the scalable multi-distance measure-
ment approach is explained in Section 2. Section 3 de-
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scribes the experimental measurement setup to validate
the applicability of the scalable multi-distance measure-
ment approach for measuring large gearings. The mea-
surement results are discussed in Section 4 and validated
with tactile reference measurements based on a standard
gear evaluation. The article closes with a summary and an
outlook in Section 5.

2 Measurement principle

2.1 Measurand base circle radius

The validation of the scalable multi-distance measure-
ment approach is carried out in this article on an unmod-
ified large gearing with involute profile. The involute de-
scribes a trajectory curve that is created when a thread is
unwound on a base circle. The curvature of the resulting
involute depends on the radius of the base circle and de-
creases steadily as the thread is unwound. The base cir-
cle radius is thus the decisive parameter for the geometry
of the involute and will be considered as a fundamental
shape parameter in this article. In standard gear measure-
ments, the geometry of the tooth flank is typically eval-
uated using the deviation parameter profile slope devia-
tion. However, the profile slope deviation linearly corre-
lates with the actual base circle radius

rb = rb,n ⋅ fHαLα + rb,n, (1)

which can be calculated from the nominal base circle ra-
dius rb,n, the profile slope deviation fHα and the evaluation
range Lα. The profile slope deviation describes the devia-
tion of the actual slope of the profile of the tooth compared
to the nominal slope [15].

To validate the multi-distance measurements and to
estimate the achievable measurement uncertainty in the
measurement of tooth-individual base circle radii, refer-
ence measurements are performed using a large CMM.
The geometry of the individual teeth is measured tactilely
and the profile slope deviations are then evaluated clas-
sically. By applying Eq. (1), reference values for the tooth-
individual base circle radii can then be determined.

2.2 Model-based evaluation of the
tooth-individual base circle radius

In [19, 20], Pillarz et al. have already presented the approx-
imation of the mean base circle radius based on a geome-
try model of involute gears according to [11, 12]. This eval-

Figure 1: Geometry model for calculating the shape parameter base
circle radius rb of a non-modified gear with involute profile in a
measurement coordinate system (x, y). A point on an involute can be
calculated from a vector addition of a radial vector a⃗ and tangential
vector b⃗, in which the root point Pi of the nominal geometry of the
gear for the plumb line distance dplu,i and the position parameters
ξi, θz, ψb, φ0, ⃗T as well as the required base circle radius rb are
included. To calculate the base circle radius, the inverse problem
must be solved. The plumb line distance of the measuring point to
the nominal geometry of the gear is shown enlarged for illustration.

uation approach is extended in this article by another ap-
proximation level to determine the tooth-individual base
circle radii of all teeth.

Figure 1 shows the tooth flank geometry of an involute
gear in the transverse section. In a measurement coordi-
nate system (x, y), an ideal point

Pi = [
xi
yi
] = a⃗ + b⃗ + T⃗

= rb ⋅ [
cos(ξi + θz − ψb + ϕ0)
sin(ξi + θz − ψb + ϕ0)

]

+ rb ⋅ ξi ⋅ [
sin(ξi + θz − ψb + ϕ0)
− cos(ξi + θz − ψb + ϕ0)

] + [
xt
yt
] (2)

on a tooth flank can be described by a vector addition of a
radial vector a⃗ and a tangential vector b⃗ consisting of the
position parameters (ξi: rolling angle, θz: position of the
centerline of tooth z, ψb: tooth thickness half angle, ϕ0:
rotation to workpiece coordinate system and T⃗ = (xt, yt):
translation to the workpiece coordinate system and cen-
ter of the gear) and the shape parameter base circle radius
rb. To calculate the base circle radius, the inverse problem
of Eq. (2)must be solved, accordingly. It must be taken into
account that theparameters (ϕ0, xt, yt, rb) andadditionally
for eachpoint i the parameter ξi areunknown,which result
in (4 + i) unknown parameters. To solve the inverse prob-
lem, at least four measurement points (i = 1...4) and, thus,
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8 known coordinates are required to calculate the 4+4 un-
known parameters.

The actual measured tooth flanks typically deviate
from an ideal involute geometry. Therefore, Pillarz et al.
have chosen an iterative approach to calculate the actual
mean base circle radius [19, 20]. Here, a mean ideal invo-
lute is approximated by taking into account the deviations
(plumb line distances dplu,i) between the actual geometry
Pa,i and the ideal nominal geometry Pi of the tooth flank
in the measuring points of all measured tooth flanks. The
calculation of the plumb line distances is based on [23]. By
minimizing the sumof the squared plumb line distances to
the measured points

min
ξi ,ϕ0 ,xt ,yt ,rb ( k

∑
i=1 d2plu,i) , (3)

an ideal mean involute is calculated by the least squares
method as a function of the parameters (ξi, ϕ0, xt, yt, rb),
i. e. including the sought mean base circle radius rb. In
comparison to the classic tactile measurement of involute
gears,where the gear center is first determinedon thebasis
of reference datums and then the gear geometry is checked
in a further measurement, here, the center of the gear is
determined directly on the basis of the gear geometrymea-
surement.

For a reliable quality inspection of large gears or large
gearings, it is useful to evaluate the geometry of all teeth
individually. For this purpose, the tooth-individual base
circle radii must be determined. However, the approxima-
tion of the measuring points by an involute is a complex
nonlinear optimization problem with a multidimensional
solution space. Especially in the approximation of tooth-
individual base circle radii, the boundary conditions of an
incomplete coverage of the theoretical mathematical invo-
lute and the local clustering of themeasurement points ad-
ditionally increase the probability of not finding the global
minimum (see Fig. 2).

As a result, the determined tooth-specific base circle
radii and the other free position parameters systematically
deviate. For this reason, in order to reduce the systematic
deviations in the tooth-individual base circle radius cal-
culation, a two-stage approximation is used and the mul-
tidimensional solution space is solved step by step. First,
the free parameters (ξi,ϕ0, xt, yt, rb) are calculated over all
measured teeth according to Eq. (3). Subsequently, in the
second approximation stage, the calculation of the tooth-
individual base circle radii is performed on the basis of
Eq. (3), with the previously determined parameters ϕ0, xt,
yt locked. The second approximation stage thus has fewer
free parameters, which reduces systematic deviations in

Figure 2: Principle sketch for generating a tooth flank from a math-
ematical involute on the basis of a base circle with radius rb. The
actual tooth flank (blue) represents only a small part of the math-
ematical involute. If a measured tooth flank is to be approximated
by an ideal mathematical involute, the incomplete coverage of the
mathematical involute and the local clustering of the measuring
points on the mathematical involute in relation to the gear center
(= center of the workpiece coordinate system) increase the probabil-
ity of not finding the global minimum.

the approximation of the tooth-individual base circle ra-
dius based on the measurement data from only one invo-
lute.

2.3 Scalable multi-distance measurement
approach

In order to calculate the tooth-individual base circle radii,
the actual geometry of the respective tooth flanks must
be measured. For this purpose, a multi-distance measure-
ment approach consisting of n optical distance sensors in
combination with a rotary table for a scanning measure-
ment is presented (see Fig. 3).

The individual sensors are distributed around the cir-
cumference of the gear and are arranged tangentially to
the nominal base circle in the transverse section, i. e. per-
pendicular to the tooth flank surface. Depending on the
sensor arrangement, the measuring approach permits de-
tecting of both the left and right tooth flanks. At the center
of rotation, the sensors and the rotary table together forma
commonmeasurement coordinate system (x, y). While the
gear rotates, the tooth flanks are continuously measured
in the form of distances di as a function of the angle of ro-
tation αi. To evaluate the base circle radius, the measured
distances must be converted into coordinates of the gen-
eral measurement coordinate system, which requires the
knowledge of the exact sensor position and orientation.
However, the exact positioning and orientation of the sen-
sors are not known, which leads to significant systematic
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Figure 3:Model-based scalable multi-distance measurement ap-
proach consisting of n = 4 optical distance sensors combined with
a rotary table in a common measurement coordinate system (x, y),
which continuously measures the geometry of both the left and
right tooth flank of a gear with a workpiece coordinate system (x�,
y�) as a function of the rotation angle α.

measurement deviations in the base circle radius approx-
imation. Accordingly, a calibration of the multi-distance
measurement approach is required to reduce these system-
atic deviations. The sensor system is therefore calibrated
according to the approach of [20] by means of an offset
correction. For this purpose, Pillarz et al. use a gear with
a known geometry, which fulfills similarity conditions to
the gear to be measured according to [5]. Using the multi-
distance measurement approach, a mean base circle ra-
dius is determined for the known gear over all teeth and
comparedwith the corresponding reference geometry. The
offset between the measured mean base circle radius and
the reference value then represents a correction value for
subsequentmeasurements. It should be noted that the cal-
ibration is valid for a specific sensor arrangement. If the
sensor arrangement is changed, the sensor systemmust be
recalibrated. Also to be considered during calibration is a
reproducible gear clamping. If the positions of the calibra-
tion gear and the gears to bemeasured subsequently differ
significantly, a larger proportion of systematic deviations
will remain despite compensation. In contrast to the offset
correction with respect to themean base circle radius [20],
in this article the sensor system is calibrated individually
for each tooth.

The scanning data acquisition then achieves an
overdetermined system of equations, which enables the it-
erative evaluation of the tooth-individual base circle radii
according to Section 2.2.

Byusing a rotary table, the profile geometry of all teeth
can be acquired within one rotation, which significantly
reduces the measurement time. If several optical sensors
are also used, the measuring time can be further reduced
by a parallel data acquisition and depending on the sen-
sor arrangement. The perpendicular alignment of the sen-
sors to the tooth flank surface also enables the use of op-
tical sensors with a low acceptance angle. With perpen-
dicular sensor alignment, however, it must be taken into
account that the entire flank cannot be optically detected
due to a limited accessibility through neighboring teeth.
Furthermore, the measurement volume can be adapted to
the size of the measured object by a flexible positioning of
the sensors,which iswhy themulti-distancemeasurement
approach is suitable for measuring various large gears.

3 Experimental setup

The applicability of the multi-distance measurement ap-
proach for measuring tooth-individual shape parameters
of large gears and large gearings is investigated in this arti-
cle on thebasis of amulti-distancemeasurement approach
consisting of one sensor (n = 1) in combination with a ro-
tary table. The experimental setup is described in the fol-
lowing sections.

3.1 Measurement object

A non-modified spur gear with involute profile is used for
the gear measurements. The gear has 38 teeth, a nominal
base circle radius of 214.25mm and a normal module of
12mm. Due to its large normal module, the measurement
object can be considered as a large gearing. Based on [6]
and Eq. (1), themanufacturing tolerance for the base circle
radius for gear quality 6 for this gear geometry is 37.5 µm.
According to [14], a measurement uncertainty of at least
11.2 µm (k = 2) is therefore required. To validate the appli-
cability of the multi-distance measurement approach for
large gear and large gearingmeasurements and to estimate
the achievablemeasurement uncertainty, a referencemea-
surement with a Leitz PMM-F 30.20.7 CMM is used. In a
standard gear measurement, the profile slope deviations
of all teeth aremeasured with a previously estimatedmea-
surement uncertainty of 1 µm (k = 1), and based on Eq. (1),
reference values for the tooth-individual base circle radii
are determined.

The calibration of the scalable model-based multi-
distance approach requires a known calibration gear
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which, according to [5], fulfills similarity conditions to the
gear to be measured. However, within the scope of this re-
search, no second comparable gear was available. For this
reason, the approach taken in this article is to perform the
calibration on all odd teeth and to evaluate the actual val-
idation on all even teeth.

3.2 Measurement arrangement

The realized measurement setup of the scalable multi-
distance measurement approach consisting of a rotary ta-
ble and an optical sensor is illustrated in Fig. 4. The hydro
static rotary table of a Leitz PMM-F 30.20.7 CMM is used to
rotate the gear. The rotary table enables dynamic scanning
measurements at 1.1min−1. The entire profile geometry of
all teeth can thus be capturedwithin oneminute. A special
clamping unit is used to position the gear to be measured
as concentrically as possible at the center of rotation of the
rotary table.

Figure 4:Measurement setup for model-based multi-distance mea-
surement of the tooth-individual base circle radii of a non-modified
large gearing with involute profile. The investigated large gear-
ing has 38 teeth, a normal module of 12mm and a tip diameter of
480mm. The multi-distance measurement approach is realized in
the form of a single confocal-chromatic distance sensor and a ro-
tary table. To align the sensor as perpendicularly as possible to the
tooth flanks, a manual positioning unit is used.

Aconfocal-chromatic distance sensor IFS2405-30 from
MicroEpsilon is used as the sensor. The sensor is speci-
fied for a measuring range of 30mm at a working distance
of 100mm, so that large gearings with normal modules
≥ 10mm in particular can also be measured. The accep-
tance angle of the sensor is ±9°. The sensor is also spec-
ified with a linearity error < ±7.5 µm. The measuring spot
has a mean diameter of 50 µm on the tooth surfaces. Com-
binedwith a control unit confocalDT IFC2422 also fromMi-
croEpsilon, measuring rates of 6.5 kHz can be achieved.

The sensor is positioned in such away that the entire mea-
suring range is used as far as possible when detecting the
tooth flanks. To align the sensor tangentially to the nom-
inal base circle of the gear or perpendicular to the tooth
flank, amanual rotatingunit is used.However, due towob-
ble resulting from eccentric and possibly slightly inclined
clamping of the large gearing on the rotary table, the real
sensor alignment deviates from the ideal perpendicular
alignment. The sensor system is calibratedbyusingall odd
teeth of the gear to be measured as calibration objects. Ac-
cordingly, the gear is clamped only once at the beginning
of the measurements and its position is not changed. Sys-
tematic contributions to themeasurement uncertainty due
to the different positioning of the calibration gear and the
gear to bemeasured are thus not considered in this article.
The measurements are performed in an air-conditioned
measuring room, which is specified with a temperature
change over time of less than 0.4 K per hour.

Currently, the synchronization of the rotation table
with the measurement signal of the confocal-chromatic
sensor in a dynamic scanning measurement is not possi-
ble. The rotation angle is not detected synchronously with
the measured distances. In this article, therefore, the ap-
proach of a stepwise scanning measurement is pursued.
The rotary table is rotated in defined angular steps and the
distance to the toothflank ismeasured for each setting. For
the model-based evaluation of the tooth-individual base
circle radii according to Section 2.2, the angle-dependent
measured distances are then converted into coordinates.

4 Results

Due to the unknown sensor arrangement and the associ-
ated systematic deviation in the base circle radius approxi-
mation, the multi-distance measuring systemmust be cal-
ibrated in a first step. The sensor system is calibrated on
the basis of the geometries of all oddnumbered teeth of the
available large gearing,whichwere previously determined
with tactile reference measurements and on the basis of
Eq. (1). The uncertainty estimation for the tooth-individual
reference base circle radii is based on a propagation calcu-
lation with the estimated uncertainty for the profile slope
deviation of 1 µm. The measurement uncertainty for the
tactile measured reference base circle radii is thus 4.91 µm
for k = 1.

To calibrate the multi-distance measurement system,
a mean tooth-individual correction value for the tooth-
individual base circle radii is calculated from 4 repeated
measurements with identical boundary conditions with
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regard to the sensor and measurement object arrange-
ment. The corresponding calibration uncertainty is then
composed of the uncertainty of the tactile reference mea-
surement and the uncertainty of the opticalmulti-distance
measurement. The calibration uncertainty is 4.93 µm for
k = 1 on average and is currently dominated by the tactile
reference measurement.

The achievablemeasurement uncertainty in the tooth-
individual base circle radius determination is then quan-
tified on the even numbered teeth of the same large gear-
ing. The gear is not repositioned on the rotary table. Like-
wise, the geometry of the even numbered teeth is pre-
viously referenced tactile, so that a reference base cir-
cle radius is available for each even numbered tooth. For
the measurement uncertainty estimation of the achiev-
able measurement uncertainty in the measurement of
tooth-individual base circle radii of large gearings, 4
repeated measurements are performed with the multi-
distance measurement approach. The experimental re-
sults of the tooth-individual base circle approximation are
illustrated in Fig. 5. The red crosses symbolize the aver-
aged tooth-individual base circle radii for the 4 repeated
measurements determined with the model-based multi-
distance measurement approach. The corresponding tac-
tile measured tooth-individual reference base circle radii
are shown as black circles. In addition, the expandedmea-
surement uncertainty (k = 2) is given for both the optically

Figure 5: Results of the measurement of the tooth-individual base
circle radii rb of all even numbered teeth on a large gearing. The
odd numbered teeth are used to calibrate the measuring arrange-
ment and are not subsequently evaluated further. Hence, the mean
base circle radii for all even numbered tooth for 4 repeated mea-
surements based on the multi-distance measurement approach with
an optical confocal-chromatic sensor (red crosses) and the tooth-
individual reference base circle radii determined on the basis of a
standard tactile tooth measurement (black circles) are shown. In
addition, the expanded measurement uncertainty for k = 2 is given
for the determined base circle radii.

measured base circle radii and the tactilely measured ref-
erence base circle radii.

The measurement results in Fig. 5 show that the
model-basedmulti-distancemeasurements agree with the
tactile reference measurements within the extended mea-
surement uncertainties. Significant systematic measure-
ment deviations are not visible and are thus success-
fully compensated for each individual tooth. It should be
noted that the systematic influence of repositioning is not
considered in these results. On average, the expanded
measurement uncertainty (k = 2) of the tooth-individual
base circle radius of the multi-distance measurements is
10.1 µm, which means that the goal of a measurement un-
certainty < 30% has been achieved. The achieved mea-
surement uncertainty for k = 2 is 27% of the required tol-
erance. Themeasurement uncertainty results from the un-
certainty of the calibration of the measurement system
and from the random measurement error from the op-
tical multi-distance measurements. The uncertainty con-
tribution from the calibration (4.93 µm for k = 1) signifi-
cantly dominates the achieved measurement uncertainty,
being larger by a factor of 5 than the random error of the
optical multi-distance measurement. The contribution of
the random measurement error resulting from the optical
measurement is on average 1 µm and shows the potential
of the scalable mutli-distance measurement approach for
the applicability to large gearings with a normal module
≥ 10mm. In order to decrease the achieved measurement
uncertainty of the tooth-individual base circle radii in the
future, a reduction of the calibration uncertainty by more
precise reference technologyor byanadaptationof the cal-
ibration strategy is to be aimed at.

In summary, the scalable multi-distance measure-
ment approach is validated for tooth-individual large gear-
ing measurements considering the uncertainty contribu-
tions currently regarded.

5 Summary and outlook

This paper examines the applicability of a scalable model-
based multi-distance measurement approach for measur-
ing tooth-individual shape parameters of large gears and
large gearings with a measurement uncertainty < 30% of
the required tolerances. By combining an optical confocal-
chromatic distance sensor with a rotary table, profile lines
of all teeth of a large gearing with a normal module of
12mm can be recorded within a one-minute rotation and
subsequently evaluated based on a geometric model. To
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reduce uncertainties in the measurement setup, an off-
set correction is performed using a gear with known ge-
ometry so that systematic measurement deviations in the
base circle radius approximationare compensated. The ex-
perimental investigations show that the systematic mea-
surement deviations due to the unknown measurement
setup are successfully corrected and the multi-distance
measurements thereupon agree with the reference mea-
surements within the expandedmeasurement uncertainty
with a coverage factor of 2. Currently, a measurement un-
certainty of 27% of the required tolerance is achieved, so
that the measurement approach is validated for the mea-
surement of tooth-individual shape parameters of large
gearings.

Future research will focus on extending the currently
realized measurement setup with respect to the synchro-
nization of the rotary table with the measurement signal.
The use of several sensors must also be investigated so
that the left and right tooth flanks can be recorded within
a single measurement and the measurement time can be
further reduced. In addition, for a complete validation of
the multi-distance measurement approach, the influence
of the systematic measurement deviation due to a repo-
sitioning of the gear teeth after calibration must be esti-
mated. Furthermore, the investigation of the measurabil-
ity of further gear shape parameters with the model-based
multi-distance measurement method must be carried out
in order to achieve a comprehensive evaluation of the gear
geometry in the future.
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