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Finding the Right Task for Optical 
Gear Metrology
Markus Finkeldey and Dr. Christof Gorgels

Modern Sensor Systems on Coordinate Measurement Machines (CMM)
Tactile or contact probes are the most common metrology technique in the coordi-
nate measurement world, including the more specialized gear measurement com-
munity. Tactile probes can be active or passive, scanning or touch only, and may vary 
in cost and performance depending on the system itself. They are offered by multiple 
industrial companies as standalone OEM products (e.g., Renishaw) or only included 
in their coordinate measuring machines (e.g., Zeiss, Klingelnberg, and Hexagon). 
Their overall performance, especially their robustness and flexibility, have led to a 
gold standard for most metrology tasks.

Multiple companies (e.g., Wenzel, Gleason, Klingelnberg, Zeiss, Hexagon) offer 
different optical metrology updates as an add-on or included in a hybrid measure-
ment concept for their coordinate measurement machines. The main idea is to 
increase measurement speed compared to tactile metrology. For some applications, 
the benefit of a noncontact optical system, the negligible influence on the sample’s 
surface itself, may also be beneficial to reduce damage on coatings or other fragile 
surfaces. Further approaches include the use of additional information given by 
optical systems, for example, to analyze color, material absorption, or information 
about the surface roughness. 

Optical metrology on CMM uses multiple techniques with different benefits. 
Common sensor systems include structured-light scanner, laser triangulation with 
different laser colors in point or line configuration, and white-light sensor systems 
using interferometric or confocal chromatic approaches. Most of these systems are 
commercially available from OEM companies or are directly included in their metrol-
ogy systems (e.g., Keyence, Mitutoyo, Zeiss/GOM). Less common but commercially 
available systems include confocal laser sensors, laser time-to-flight systems, and the 
use of the frequency comb.
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Optical Gear Metrology
With the growing impact of optical metrology in the coor-
dinate metrology community and optical technologies 
like LEDs, Lasers, digital cameras, and optical sensors 
joining the mass market with increasing performance at 
decreasing prices, the idea of fast and precise gear metrol-
ogy using optical technology increases over the last two 
decades. The paper gives a brief overview of the history 
of optical technology in gear metrology and describes an 
approach with practical results for a hybrid (optical and 
tactile) gear measurement.

In the academic field, optical gear metrology started to 
get more attention around the year 2000. In 1997, a pub-
lication tried to sell the idea of the use of optical gratings 
in gear metrology (Ref. 1). In 2003 new approaches of gear 
metrology and analysis, including optical metrology, were 
discussed (Ref. 2). In 2005 and 2006, fringe projection 
(structured-light) for gear metrology was demonstrated 
(Refs. 3, 4). A technology used and optimized by GOM 
(Zeiss) for a fast 3D acquisition of rather large parts, like 
for example car parts (e.g., doors) or even complete cars. In 
2011, an interferometric system was shown (Ref. 5). Slowly 
the industry started to join the process with Nikon filing a 
patent for their optical profile measuring apparatus in 2012 
(Ref. 6). Gleason was demonstrating their laser technology 
for their multi-sensor gear inspection system in 2017, show-
ing a Gear Rolling system with integrated laser technology 
in 2019 (Ref. 7). In addition, in 2019 a sophisticated method 
using advanced interferometric techniques, digital multi-
wavelength holography, was demonstrated by the academic 
community (Ref. 8). DWFritz receives the Fest & Sullivan 
Best Practices Award in 2020 for their noncontact metrol-
ogy technology ZeroTouch using multiple laser triangula-
tion sensors (Ref. 9).

Klingelnberg showed academic and industry-grade proto-
types starting from 1992 with laser triangulation, fringe pat-
tern projection in 2004, a white light sensor in 2011, and an 
interferometric fiber-optic sensor in 2015 (Ref. 10). These 
resulted in a custom-made laser triangulation system pre-
sented to the market in 2017 and a custom white light sensor 
was shown in 2018. The first white light sensor system fully 
integrated with a P 26 gear-measuring machine and used in 
Klingelnberg’s hybrid metrology concept was delivered to a 
customer shortly afterward.

It should be mentioned that the term hybrid metrology does 
lack a clear definition. Hybrid metrology is used to character-
ize hybrid sensors using a direct combination of optical and 
tactile elements (s. notable mentions), as well as for approaches 
using a separated tactile and an optical sensor in a serial or 
parallel way. The approach, described in more detail in this 
publication, uses a combination of a tactile system and a sepa-
rate optical sensor.

Optical Sensors for Gear Metrology
While a couple of different sensors were used in the metrology 
industry as well as in the scientific community, the three main 
sensor types for optical gear metrology are laser triangulation, 
structured-light projection, and white light sensors. 

Laser Triangulation
Laser triangulation is the most common system for gear 
metrology and is frequently used for other industrial applica-
tions as well. Laser triangulation allows compact, fast, and 
affordable systems, which are available from different OEM 
manufacturers. Depending on the application, single-point 
systems and line sensors can be used. Typical laser colors are in 
the red (around 655 nm) or blue wavelength range (455 nm), 
each with different impacts on the surface scattering process. 
The power of the laser system is typically class 3R or lower, 
resulting in visible light with less than 5 mW output power. 
Lasers with a higher output power or a nonvisible beam can 
be dangerous and may need special protection and safety fea-
tures on the metrology system. While commercially available 
systems can reach acquisition rates around 50 kHz (Keyence, 
Micro-Epsilon, and others) at a fair price rate, it is known 
that there is a fundamental limitation for the achievable accu-
racy (Ref. 11). The topic was discussed for gear shape mea-
surements in 2021 and compared to the confocal-chromatic 
principle as well (Ref. 12). For long time measurements, the 
temperature behavior of the compact sensor must be carefully 
controlled.

Structured Light Projection
The idea of structured light projection or fringe pattern pro-
jection is based on the knowledge of the different behavior 
of different, well-known patterns, projected on a target and 
imaged with a stereo camera setup. The used software algo-
rithm, the pattern structure, the number of used patterns, and 
even the wavelength of the used light may vary depending on 
the manufacturer or scientist. However, the sensor system is 
suited for the fast and complete digitalization of rather larger 
parts. Therefore, the technology is well-established and can 
be purchased from different manufacturers (GOM Metrology, 
Keyence, and others). The accuracy and potential to increase 
the accuracy have been discussed in the academic community 
since about 2005 (Refs. 13, 14). Depending on the surface type 
of specimen, like gears, a coating is quite frequently applied to 
optimize the optical performance of such systems.

White-Light Sensor
The term white light sensor is unspecific and can be applied 
to multiple sensor technologies. In most cases, either confo-
cal chromatic sensors or interferometric sensors are described 
with the term white light sensor. A confocal chromatic sen-
sor is an advanced version of a confocal sensor, replacing the 
monochromatic light source with a broadband light source and 
the simple intensity-based point detector with a more complex 
spectrometer (Ref. 15, 16). This modification of the confocal 
setup gains the ability to get distance information over line 
area in space, via a smart interpretation of the spectrometer’s 
spectral information, but loses the lateral resolution and sim-
plicity of the original setup. OEM and standalone systems are 
available from different suppliers (e.g., Micro-Epsilon, Precitec, 
Keyence). An interferometric sensor uses the low temporal 
coherence of the broadband light source and either a spec-
trometer or a tunable light source combined with a simpler 
intensity detector to generate distance information. A more 
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detailed explanation can be found in a review paper about opti-
cal coherence tomography (OCT), a technology widely used in 
the medical and biological community (Ref. 17). Both technol-
ogies allow easy separation of the different optical components 
(e.g., sensor head, electronics, and light source) with the use of 
optical fibers, which allow easier thermal management.

Notable Mentions
There are combined tactile/optical measuring systems, e.g., 
the Werth Fiber Probe or the Renishaw SP25M (Refs. 18, 19). 
While interesting technology-wise, they seem to have a lim-
ited influence on the gear metrology community. This is com-
parably true for other methods, such as the use of the optical 
frequency comb or pure laser confocal sensors (Ref. 20). For 
small features of gears or very small gears (micro-gears), the 
focus variation technology or advanced scattering light tech-
niques (Refs. 21, 22) can be used. Both methods are commer-
cially available from different companies including Confovis, 
Keyence, Alicona, and Optosurf. However, even for small gears 
or features like roughness, tactile systems still are the gold stan-
dard. The phase unwrapping problem, which appears for dif-
ferent technologies (e.g., interferometry), is discussed for gear 
tooth flanks by Wang et al. in 2020 (Ref. 23).

Resolution, Accuracy, and Reproducibility
In the optical metrology field, the term resolution is used to 
describe the performance of a system. Lateral and axial resolu-
tions, with different criteria (e.g., Rayleigh, Sparrow, and Abbe) 
and cases for coherent and noncoherent illumination are dis-
cussed in detail (Ref. 24). For gear metrology in the industrial 
context, this discussion is less important. Nevertheless, it is 
worth pointing out a few of the aspects with more precision.

Optical Spot Size vs. Tactile Touching Size
It is known that the size (diameter) of the used orb of the tac-
tile measurement system influences the measurement results. 
The influence can be described using a mathematical morpho-
logical filter to describe or simulate the mechanical filter of the 
stylus, as standardized in the DIN EN ISO 16610-41. It is even 
discussed if multiscale morphological filters can be used directly 
for gear fault detection, however with noise data instead of 
geometry data (Ref. 25). The crucial point is that there is a dif-
ference between the actual surface of the specimen (gear) and 
data points of features seen on the measurement sheet. In gen-
eral, this difference depends on the size and physical behavior of 
the measurement point as well as additional filters used by the 
measurement software. A typical result is shown in Figure 1.

Figure 1—The row on top shows a simulated profile deviation with 480 data points over a 6.5 mm rolling path of a gear profile. The row in the 
middle shows the influence of a morphological filter with a 1.5 mm stylus. The row at the bottom shows the data with a Gaussian filter (3 percent 
window) applied.
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By interpreting the results, the reader must keep in mind that 
the data is a simulation, with the sole purpose of demonstrating 
the influence of the mechanical filter of the stylus (illustrated by 
a morphological filter) and a Gaussian filter as seen on a typical 
gear measurement sheet. What can be seen from this example is 
that while the high-frequency component may change drastically, 
the low-frequency component of the signal (profile deviation) is 
mostly unchanged. Therefore, depending on the type of feature of 
the gear, the data may change depending on the stylus size as well 
as on the measuring technology. The reason for this is that most 
optical systems have a smaller spot size or touching area on a gear 
flank compared to a tactile stylus on technical surfaces. In addi-
tion, it is a fact that the “touching” physics or interaction between 
measurement systems and objects is different between mechani-
cal and optical systems. In other words, the accuracy of the data 
is related to the feature type (low or high frequency) on the gear 
and the used metrology technique (touching size and physics). To 
enable the highest accuracy, some kind of expert knowledge, pos-
sibly provided by intelligent software algorithms developed by the 
metrology manufacturer or the science community is needed.

Accuracy and Reproducibility
A method commonly used for a measurement system analysis is a 
type 1 study, which will result in Cg and Cgk values acquired from 
a series of at least n = 25 measurements (Refs. 26, 27). The Cg value 
gives information about the reproducibility, mainly indicated by 
the standard deviation (sigma) of the measurement process, and 
the Cgk value adds information about the accuracy (the difference 
between the measure value and the actual value) of the study.

The Cg value is defined as:
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With n (25 or more) indicating the number of measure-

ments, xi the measurement with the index i and xr the mean 
value of all n measurements.

A quick example of the needed standard deviation for given 
tolerances from a customer with a target Cg of 1.33, dt of 0.2 
and a si of six is shown in Figure 2.

Figure 2—Drawing toler-
ances and needed stan-
dard deviation for an 
example with a target Cg 
of 1.33. 

While the reproducibility required is given by the drawing 
tolerances and depends on the application, a good value for 
most gear features in the automotive industry is a standard 
deviation around 0.1 µm.

Setup
For the experiment, a sixth-generation Klingelnberg P26 
metrology system configured for hybrid metrology with 
the optical sensor package together with the correspond-
ing September 2021 software release was used. The tac-
tile system applied was the Klingelnberg proprietary 3D 
Nanoscan tactile probing system. The optical system is the 
proprietary, contactless HISPEED OPTOSCAN, based on a 
custom white light sensor with an approximate spot size of 
about 12 µm.

Basic Accuracy and Reproducibility of an Optical 
Sensor on a CMM
The fundamental limit in terms of accuracy and reproducibil-
ity of a CMM is given by its capability to define and retrieve 
its center / zero position, or in other words defined by the cali-
bration. While this limit is influenced by the capabilities (e.g., 
resolution) of the optical sensor itself, it is also affected by the 
mechanical and thermal stability of the CMM chassis, the qual-
ity of the translation stages, the motor control units, the tem-
perature control, filters applied by the software and multiple 
other impacts.

A study to define the reproducibility of this calibration pro-
cess is normally done under well-defined conditions in a 
highly controlled environment, for example in a vibration-iso-
lated climate chamber with minimal user influence. A 
Klingelnberg hybrid P26 was used under these conditions and 
analyzed in a study with a sample size of n = 100. The results 
are shown in Figure 3.

The results indicate a maximum error of around 200 nm 
with a standard deviation of 28 nm for the x-axis compo-
nent, 35 nm for the y-axis component, and 38 nm for the 

Figure 3—Preset study with n = 100 measurements under controlled condi-
tions. The diagram on the top shows the deviation for every axis (x-y-z) to the 
mean value, and the diagram at the bottom shows the measurement-to-mea-
surement variation.
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z-axis component under near-perfect conditions. In terms 
of a measurement systems analysis, this would lead to 
process-ready tolerance, for a rather challenging target of 
Cg = 1.33 with a six v interval and 0.2 drawing tolerance 
of 1.6 µm.

Physical Limitations
While optical metrology is commonly used in different indus-
trial, medical, and biological fields, the gear community is 
notoriously skeptical about its performance and behavior and 
there are limitations for optical gear metrology given by the 
physical interaction between light and matter.

Absorption and Reflection
The major limitation of this method is the fact that every 
optical metrology system needs light that gets back to some 
type of detector unit. Two physical processes may limit this 
path: Absorption and reflection. A target with a rather high 
light absorption, a mat black one, for example, will never 
be a good target for optical metrology. This is also true for 
targets with very high reflectivity, e.g., mirror-like objects, 
because the light will follow the laws of reflection, which 
in cases of gear metrology normally means that the reflect-
ing light does not reach the sensor again. While both cases 
are possible in the gear industry, they are very unlikely to 
appear in the automotive industry and even in the whole 
industry itself. A similar, albeit uncommon case is trans-
parent (plastic) gears, which will lead to a superposition of 
optical depth information and thus to a rather high need for 
data post-processing.

Dirt, Dust, Rust, and Oil
Unlike a tactile stylus, which has limited influence of dirt on 
the measurement results, the contactless optical technology 
will measure every obstacle in the light path as part of the 
object. A clean and dry object is required to achieve the high-
est quality levels. If the standard cleaning process of gears 
during production—centrifuging and the use of air pres-
sure—is carefully executed, this is considered to not have a 
significant influence on the results. However, this needs to be 
checked in advance.

Shadowing and Probing Angle
Depending on the sensor technology used, for example, if the 
illumination and detection light beam is separated, the typical 
geometry of gears may lead to shadowing. This means that a 
part of the gear is blocked by other parts, which leads to dead 
spaces on the gear. This can be partly avoided by a sophis-
ticated calculation of the measurement movement, often in 
combination with an additional rotation and/or translation 
stage for the sensor head.

In comparison to a tactile probe, where the touching process 
is always orthogonal to the surface, this is not the case for most 
optical sensor systems. If an optical sensor head would follow 
the gear’s geometry, a major part of its speed advantage would 
be diminished. The influence of this process needs to be con-
sidered. However, this is mostly relevant for high-frequency 
features, like roughness. 

In the next section, a real-world example of an optical/
hybrid metrology task for gear analysis will be provided. This 
example focuses on the pitch measurement of gears. This is 
an industry standard metrology task for gears, which causes a 
major part of measurement time, compared to other metrol-
ogy tasks. The goal is to demonstrate the improvement of 
the hybrid metrology concept compared to a tactile-only 
approach to measurement speed. In addition, the general 
accuracy of the system is demonstrated by carrying out a cali-
bration study.

Example of a Hybrid Metrology Use Case
While the results measured in a very controlled environment 
are a demonstration of the best-case scenario, experienced 
engineers will ask about a real-world scenario.

The following results were received during the standard pre-
acceptance of a Klingelnberg hybrid P 26. The measuring con-
ditions are comparable to a temperature-controlled shop floor. 
This means it was definitely not a high-class metrology room, 
but also not a worst-case shop floor scenario. For the first part 
of the acceptance procedure, a calibration (preset) study with n 
= 25 was performed. The results are shown in Figure 4.

The results indicate a maximum error of around 640 nm 
with standard deviations of 156 nm for the x-axis component, 
161 nm for the y-axis component, and 200 nm for the z-axis 
component.

For the second part, a DAkkS certified gear with z = 63 
teeth, a normal module of mn = 1.52 mm, a pressure angle of 
17 degrees and a helix angle of 31.5 degrees was used in a type 
1 study with n = 25 measurements. The tolerances for a gear in 
quality class 4 based on DIN ISO 1328 as needed for a measur-
ing machine of class A based on VDI/VDE 2612 / 2613 were 
used. According to the pre-acceptance procedure, the drawing 
tolerance factor was 0.2 and a four-sigma interval was used. 
The results are shown in Figure 5.

Figure 4—Preset study with n = 100 measurements in a production hall using the 
optical sensor of a Klingelnberg hybrid P 26. The diagram at the top shows the 
deviation for every axis (x-y-z) to the mean value, and the diagram at the bottom 
shows the measurement-to-measurement variation.
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The used parameters for the pitch deviation analysis are 
described in ISO 1328, fpMax is the largest value of the single 
pitch deviation, Fp is the total cumulative pitch deviation in 
µm, Fr is the runout in µm and mdK is the diametral dimen-
sion over balls in µm. The index l indicates the left flank of a 
gear, and r is the right flank of a gear. 

The speed improvement of the optical index measuring method 
compared to the tactile (point) method is about 70 percent for 
the used gear and even larger for the tactile flank method. 
It depends on the normal module of the gear as well as the 
pressure angle. Compared to a gear with a pressure angle of 
17 degrees, a slightly larger pressure angle (e.g., 20 degrees) 
would lead to an even larger speed benefit, typically reaching 
around 80 percent speed gain. Speaking about relative values, 
the absolute gain in measurement time also depends on the 
number of teeth. More teeth will in general lead to a larger 
time benefit for the optical method.

Discussion
The practical results of the optical index measuring method 
performed on a Klingelnberg hybrid P 26 indicate a couple 
of conclusions:

The optical metrology for index measuring is a capable tool 
to speed up gear measuring even for high-quality gears based 
on the type 1 study results with some headroom left.

The relative speedup for the index measuring can be rather 
high (80 percent) which has an impact on the overall measur-
ing time since the index measuring is the most time-consum-
ing measurement. The general time improvement or better 

daily gain in throughput of gears depends on the number of 
other tasks performed for the complete quality control process, 
as well as the gears geometry. A typical process of measuring 
the profile and lead on four teeth, a torsion check on the first 
tooth, index measuring, run-out and tip- and root-diameter 
with workpiece axis position detection can still benefit from an 
optical index measurement indication between 15 percent to 
30 percent gain in gear per day throughput. 

The preset measurement in a normal production environ-
ment shows a small drift of preset values according to tempera-
ture changes, as seen in Figure 4. This drift of preset values is 
related to the expansion of material (e.g., used to hold optical 
components) based on the temperature change. With addi-
tional adjustments of the temperature compensation model to 
include the optical system, this drift can be minimized in the 
future. The goal is to achieve an optimized standard deviation 
in a standard production environment.

Optical metrology for gears is only accepted if the speed 
improvement does not come with losses in accuracy or repro-
ducibility. Both need to be checked with studies using a certi-
fied master part in a real-life environment. The gear measuring 
community is challenged by rather low tolerances for modern 
gears, especially in e-mobility, in the tactile and optical metrol-
ogy world.

The results of this study indicate a strong benefit for hybrid 
pitch measurements compared to a tactile-only approach. The 
future will show whether this technology will find wide accep-
tance in the industry. However, from our perspective this tech-
nology is promising.

Figure 5—Statistical analysis of the type 1 study with n = 25 measurements showing Cg and Cgk values significantly larger than target of 1.33 for all index features, indi-
cating a capable measuring tool. Measurement performed using the optical sensor of a Klingelnberg hybrid P 26 in a production environment.
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Summary and Outlook
Based on today’s technology, optical metrology is a capable tool 
if embedded in a hybrid metrology concept to enhance users’ 
gear metrology experience. It can improve measurement speed 
for specific tasks (e.g., for index measuring), and thus can 
reduce quality costs.

In addition, optical metrology will be beneficial for future 
measuring tasks, if they have rather large complexity. All 
future quality control strategies, like topographic measure-
ments, 100 percent Industry 4.0, closed loop, or holistic 
approaches, will require sophisticated measurement strategies. 
Therefore, modern quality control will benefit from fast optical 
metrology. If the optical metrology has a similar or better accu-
racy compared to the tactile gold standard.

We think the hybrid approach, while still needing some 
fine tuning and a broader set of features, is the future of 
gear metrology.
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