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Laser line triangulation for fast 3D measurements on large gears

Matthias Marcus Auerswald1
& Axel von Freyberg1

& Andreas Fischer1

Abstract

The causes of geometrical deviations from the production process and the prediction of application properties, such as noise
behavior, wear, or material fatigue, are only possible by having detailed information about the gear geometry. The gold standard
for the gear quality inspection is represented by dimensional measurements with a tactile sensor system. As a result for industrial
applications, the slow serial measurement leads to the compromise of a random inspection of the gear geometry. For the purpose
of a faster and more extensive surface acquisition, a laser line triangulation sensor is investigated providing 1280 points at a line
width of 25 mm with up to 200 lines/s. The results at the tooth of a large cylindrical involute gear with a pitch circle diameter of
922 mm and a face width of 246 mm show the qualification for fast three-dimensional measurements of the convex and reflective
surface. The detection of the complete profile line at once is possible. It is shown that the measurement deviation of laser line
triangulation can beminimized by increasing the dynamic threshold. Themeasurement deviations amount to ± 8.2 μm and can be
attributed to random and systematic errors. Compared to the standard gear inspection, an acceleration factor of 5700 was attained.
An optical scanning of the complete tooth flank provides the prerequisite for an identification of surface defects in the form of
breakouts and blemish.

Keywords Large gear . Laser line triangulation . Geometric deviations . Quality inspection . Surface defects

1 Introduction

1.1 Motivation

Large cylindrical involute gears with a pitch circle diameter of
922 mm, a face width of 246 mm, and a module of 10 mm
(Fig. 1) are used, e.g., for gear boxes of wind turbines and
industrial vehicles and large gear standards. In Germany, more
than 27.000 wind turbines are installed [1]. In this context,
insurance statistics reveal that gearbox damages cause about
20% of the possible damages and disturbances to a wind pow-
er installation [2]. One reason that the gearboxes do not reach
the planned service life is the combination of large and chang-
ing loads with lightweight design requirements. Thus, for
large gears which are used under high-demanding conditions,
e.g., in gearboxes of wind turbines, a more extensive

inspection is recommended. The prediction of application
properties, such as noise behavior, wear, or material fatigue,
and the causes of geometrical deviations from the production
process are only possible by having more detailed information
about the large gear geometry (Fig. 1).

Manufacturing gears is a key technology, and the quality
inspection of gears is carried out under well standardized di-
rectives [3]. But, there is a growing inspection demand for the
measurement of large gears, which differs from the require-
ments known for smaller gears due to different production
processes [4]. Smaller automotive gears are often completely
machined in less than 1 min. In contrast, the production pro-
cesses for large gears consist of more steps and can last several
hours. The temperature behavior of the machine tool and tool
wear differs fundamentally and induces heat in parts of the
workpiece. For small gears, the induced heat is minimal and
almost symmetric. Due to the short cycle time, tool wear and
thermal drift of the productionmachine can be neglected when
considering a single part. In contrast, for large gears, the latter
two factors have to be taken into account during production
processes as well as in the measurement strategy during qual-
ity control. In addition, the production processes are often
characterized by a non-symmetric heat induced in the part
due to other milling or grinding strategies. Thus, it cannot be

* Matthias Marcus Auerswald
m.auerswald@bimaq.de

1 Bremen Institute for Metrology, Automation and Quality Science
(BIMAQ), University of Bremen, Linzer Str. 13,
28359 Bremen, Germany

1

mailto:m.auerswald@bimaq.de


assumed that all teeth of the gear nearly have the same shape
and surface characteristics. For more detailed assessment of
the quality of large gears, a comprehensive and multidimen-
sional inspection is required [5].

1.2 State of the art

Gear measuring instruments (GMI) and coordinate measuring
machines (CMM) with a tactile sensor system represent the
gold standard for the quality testing of gearings, and CMMs
are offered in different designs [6]. Furthermore, for the as-
sessment of runout and radial composite deviations, special
measuring devices for double-flank composite action tests are
used. Modern CMMs of portal, bridge, or stator construction
are recommended for large components, whereas CMMs of
the bridge design are recommended for gear testing and reach
measuring volumes of 6.0 × 4.5 × 3.0 m3. The determinants
for involute cylindrical gears and their deviations are defined
in the standard [6]. The tolerances for large gears start for the
gear quality 5 at almost one hundredth of a millimeter [6]. The
evaluation of these tolerances places high requirements on the
measurement technique [4, 7] that the standardization re-
nounces compliance with the golden rule of the measuring
technique. The standard gearing test consists of the measure-
ment of one profile and one flank line on 3–4 teeth of the gear
[8]. A single measuring point is additionally recorded on each
tooth for evaluating pitch and runout deviations [6]. This spot-
check represents a compromise between measurement time
and information content and is justified by the fact that tactile
measurement methods are usedwithout exception in industrial
practice. This hinders in particular the multidimensional in-
spection of large gears while the demands are continuously
increasing.

However, the development of large gear standards started
only a few years ago [9] and corresponding calibration stan-
dards for gears with a diameter of more than 1 m are not
commercially available. The verification of the geometry in
the standard tactile gear inspection is insufficient to improve

the quality of large gears [4, 5], because the detection of the
tooth geometry with tactile measuring systems is very time-
consuming and also exorbitant in practice. Goch et al. came to
the conclusion that hardly any improvements in the develop-
ment of tactile measurement technology are to be expected
[3]. CMMs are designed to perform only single measurements
from a specified direction at a given time. This serial data
acquisition with a single measurement point leads to an in-
creased measurement time, in particular for large components
such as a large gear (Fig. 1). Hence, a comprehensive quality
assessment under economic aspects can only be carried out by
faster optical sensors in combination with measurement con-
cepts for parallel multi-point acquisition.

For the area of large volume metrology (LVM), conven-
tional coordinate measuring are used less. In this area of mea-
surement technology, the paradigm is to bring the measuring
system to the object and not conversely [10]. In the field of
production technology and thus the area of large gears, LVM
measurement tasks often require a large dynamic range of the
measuring system [11]. In the context of the requirements for a
large dynamic range, short measuring time, and the logistical
effort, there are great challenges.

At tactile sensors with optical signal processing, a probe
ball is guided to the measuring object and the lateral deflection
is determined by image processing via telecentric optics [12].
This measuring system is especially used for the measurement
of very small components and micro-gearings. An accelera-
tion of large gear measurements cannot be achieved with this
principle. Under certain boundary conditions, the measure-
ment of the contour of spur gearings is possible with image
processing sensors [13]. But this measuring principle is only
suitable for straight and narrow gearings. The point-by-point
detection of coordinates by an interferometric probe system
based on frequency modulation is presented in [14]. Due to
the serial data acquisition, this sensor offers only low speed
advantages. In addition, the movement axes of a large CMM
are required, which means a corresponding technical effort.
Optical gear measurement approaches, which are area-orient-
ed, are not accurate enough for the general gear quality in-
spection task, or they are only suitable for special applications,
like stripe pattern projection on forged gears [15]. For an op-
tically flat measurement, an approach has been published
which can detect an interference pattern of a tooth flank on
the basis of an interferometric system using phase shift tech-
nology [16]. The measured interference pattern corresponds to
simulated data, but no statement was made about quantitative
deviations or the measurement uncertainty that can be
achieved. Moreover, there are further optical measuring prin-
ciples, e.g., fiber optic distance sensors [17], confocal micros-
copy, chromatic confocal distance measurement, or hybrid
systems such as chromatic confocal spectral interferometry
[18]. In particular, axial measurement principles such as the
chromatic confocal principle, transit time method [19], or

Fig. 1 Large cylindrical gear with a pitch circle diameter d = 922 mm, a
face width b = 246 mm, and a module of 10 mm
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autofocus sensors are suitable to implement a scanning pro-
cess to detect the surface [20]. However, such measuring sys-
tems have not been investigated in detail for the usage of large
gear metrology so far.

For a reduction of the measuring times and an increase of
the information density, triangulation methods with structured
illumination are far more suitable [21]. According to [3, 22],
the triangulation principle enables kilohertz data rates even for
the linear multi-point measurement in parallel, and it is consid-
ered to be suitable for the measurement of gears and the detec-
tion of tooth flanks. But the required measurement uncertainty
is not achieved to evaluate the tolerances of the tooth deflec-
tions and for the special case of optically cooperative surfaces.
However, the results do not disprove the basic suitability of
laser triangulation for gear measurements. An advantage of
laser triangulation is that it can be implemented point-by-point,
line wise [23] and even in the form of stripe pattern projections
[24] or fringe reflection photogrammetry [25]. Depending on
the implementation, a high data rate is possible and the mea-
suring systems are quite insensitive to vibrations [26]. Today,
laser line scanners, i.e., laser line triangulation sensors, are
frequently used as an alternative for tactile probes on CMMs.
In comparison to tactile probes, the main advantages are to
measure without being in contact with the gear and also to
capture many points in a short period of time. However, optical
geometrical measurements of large gears face a lot of chal-
lenges, which differ from the requirements known for small
gears. The combination of reflective and convex surfaces, lim-
ited accessibility (see Fig. 2), and the area of large volume
metrology represent a challenge for precise geometrical mea-
surements with optical sensors on large gears.

In particular, a high dynamic range is necessary since the
deviation of the considered large gear shows a proportion of
10−5 of the diameter (compare Table 1). For large cylindrical
gears, the principle of laser triangulation has not been ade-
quately tested, yet. An open question is whether a fast detec-
tion of convex and reflective three-dimensional surfaces of the
tooth flank (Fig. 2) of large cylindrical gears (Fig. 1) with a
helix angle of 15° is possible by using a laser line triangulation
sensor. Furthermore, the question arises whether this can in-
crease the data rate and what is the resulting measurement
deviation?

1.3 Aim and outline of the article

The aim is to investigate the line-orientated detection of con-
vex and reflective surfaces of large cylindrical gears (Fig. 1)
by applying laser line triangulation. For this purpose, the mea-
surement setup and the geometric model and evaluation strat-
egy are described in Sections 2 and 3. Moreover, the three-
dimensional detection of the complete surface of the tooth
flank by a linear scanning with the sensor is examined. In this
context, the aim is the detection of surface defects in form
of breakouts and blemish. The experimental results are
verified and validated in Section 4. The article closes with
the conclusions in Section 5.

2 Measurement principle

The setup of the laser line triangulation (LLT) is depicted in
Fig. 3 a. Such a laser line scanner is used as an optical sensor
system for the fast acquisition of the surface profile of a tooth
flank, e.g., the profile and the helix as well as the tip and root
of the tooth (Fig. 2). The LLTuse the principle of triangulation
for two-dimensional profile detection on different target sur-
faces. The principle of triangulation is based on the
Scheimpflug principle [27, 28].

By using special lenses, a laser beam is enlarged to form a
static laser line that is projected onto the surface. The diffuse
reflected part of the laser light from the object is imaged over a
lens optic on a highly sensitive sensor matrix. Through cali-
bration of the scanner, the camera coordinates are linked with
the coordinates in the plane of the laser light. Since the dimen-
sions of the camera are limited, the scanner will also have a
limited field of view (Fig. 3b). In addition to the distance in-
formation (z-axis), the controller also uses this camera image to
calculate the position along the laser line (x-axis). These mea-
sured values are depicted in a two-dimensional sensor coordi-
nate system (SCS) that is fixedwith respect to the sensor. In the
case that the sensor is traversing over the surface with a con-
stant distance, it is possible to obtain 3D measurement values.Fig. 2 Surface profiles on a tooth flank in profile (1) and helix direction (2)

Table 1 Comparison of gear parameters and tolerance (according to
ISO1328-1) of large and small gears

Large gear Small gear

Diameter, d 955 mm 68 mm

Weight, m 1.100 kg 0.5 kg

Total profile deviation, Fα 16 μm 6 μm

Module, m 10.0 mm 1.7 mm

Number of teeth, z 89 33

Pressure angle, α 20° 16°

Helix angle, β − 15° 33°

Face width, b 246.0 mm 17.3 mm
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3 Experimental method

The challenges at large cylindrical gears are unfavorable
surface properties, like convex and reflective surfaces,
which are also difficult to access (Fig. 2). Furthermore, the
application field of large volume metrology is also a
great challenge because of the increased dynamic range
of the measurement system. Table 1 shows the compar-
ison of gear parameters and tolerances according to
ISO1328-1 in comparison between a large and a small
gear.

With regard to the diameter of the gearing, a mea-
surement uncertainty is necessary for the evaluation of
the total profile deviation Fα of large gears, which must
be smaller by one order of magnitude than in the case
of small gears. Especially difficulties in handling and
clamping the large gear, their deformation due to grav-
ity and the temperature behavior, as well as the lack of
appropriate calibrated gauges necessary for a traceability
of measurements have to be mentioned. The listed as-
pects before are currently not considered. Only the line-
orientated detection of convex and reflective surface of
large gears and three-dimensional detection of the com-
plete surface of the tooth flank by a scanning process is
considered.

For tactile measurements, the information of the surface nor-
mal vector comes from the probe head deflection and is impor-
tant for the evaluation of the deviations of the gear. In the case of
geometric measurements with the LLT (2.5-D areal sensor),
there is no direct information about the surface’s normal vector
for each measurement point. Other main influence factors, i.e.,
the acceptance angle and the working distance of the LLT sen-
sor, have to be taken into account for the measurement on large
gears and the evaluation of deviations. The fact that the above
parameters cannot be assumed to be constant during the mea-
surements with the LLT, because they also depend on the surface
quality of the gear, represents a non-negligible issue.

Additionally, the evaluation process for gear measurements with
LLT have to take care of outliers and they have to deal with
missing points and a varying point density and distribution.

The solution for evaluating optical measurement data
is achieved by a model-based evaluation which is de-
scribed in Section 3.1. The experimental setup and the
alignment of the LLT sensor for measurements on large
gears is shown in Fig. 4. The investigated gear is
shown in Fig. 1, and the geometrical parameters of the
gear are listed in Table 1.

The light source of the LLT sensor consists of a semicon-
ductor laser with a wavelength of λ = 658 nm, and the sensor
matrix has a size of 1280 pixel × 1024 pixel. It has a resolution
of 1280 points at a line width of 25 mm. The profile frequency
depends on the required exposure time, but the maximum is
200 lines/s. The trapezoidal field of view (cf. Fig. 3b) of the
image matrix is 25 mm in x-direction and 25 mm in z-direc-
tion. The basic distance of the sensor from the gear amounts to
53.5 mm.

The assembly of the LLT for the detection of a complete
tooth side is shown in Fig. 4. The detection of the complete
tooth side is realized by a traversing process of the LLTsensor.
The traversing process is done by a vertical linear axis, which
is positioned by a stepper motor which allows the continuous
movement of the sensor. Due to the measuring range of the
LLT sensor of 25 mm, the helical surface of the tooth of a
running gear remains in the measuring range of the sensor.
Exceptions are given for certain ratios of the face width and
helix angle as in the case of worm wheels. The scanning pro-
cess is ensured along the face width of the gear, whereby the
direction of the scanning takes place from the top to the
bottom.

3.1 Geometric model and evaluation

The target geometry of the involute of large gears can be
geometrically constructed according to Fig. 5 with the data

Fig. 3 Laser line triangulation.
a Measurement principle. b
Resulting field of view in the
sensor coordinate system (x, z)
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listed in Table 1. The coordinates (x′, y′) of the i-th point P′i on
a flank of a large gearing can be calculated as follows in the
workpiece coordinate system (WCS) according to [3, 29]

P
0

i ¼
x
0

i

y
0

i

� �

¼ a!þ b
!

¼ rb∙
cos ξi þ ϑz−ψbð Þ
sin ξi þ ϑz−ψbð Þ

� �

þ rb∙ξi∙
cos ξi þ ϑz−ψb−

π

2

� �

sin ξi þ ϑz−ψb−
π

2

� �

2

4

3

5

ð1Þ

The vectors a! and b
!

define the radial and tangential di-
rection, respectively, ξi is the rolling angle, ϑz determines the
position of the centerline of tooth z, and ψb is the tooth

thickness-half-angle at the root circle with radius rb. For
calculating the coordinates

Pi ¼ xi
yi

� �

¼ rb∙
cos ξi þ ϑz−ψb þ φ0ð Þ
sin ξi þ ϑz−ψb þ φ0ð Þ

� �

þ rb∙ξi∙
sin ξi þ ϑz−ψb þ φ0ð Þ
−cos ξi þ ϑz−ψb þ φ0ð Þ

� �

þ T
! ð2Þ

within the measurement coordinate system (x, y), the transla-

tion vector T
!¼ xt; yt½ �T and the angle ϕ0 are integrated into

Eq. 1. Different preliminary works [29, 30] are the basis for
the evaluation of the individual surface profile line (measuring
points) of a tooth flank. By the calculation of the distances
between the measuring points to the target geometry, the mea-
surement data can be transformed into the WCS. The orthog-
onal distance di of a measuring point Pi from an involute in the
transverse plane

di ¼ rb∙

ffiffiffiffiffiffiffiffiffiffiffi

r2m
r2b

−1

s

−s∙ arctan
ym−yt
xm−xt

� �

−ϑz þ ψb−φ0 þ arctan s

ffiffiffiffiffiffiffiffiffiffiffi

r2m
r2b

−1

s
 ! ! !

ð3Þ

can be directly calculated according to [31]. Here, s indicates a
flag which is − 1 for a left flank or + 1 for a right flank,
respectively, and

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xm−xtð Þ2 þ ym−ytð Þ2
q

ð4Þ

is the radius of the measured point in polar coordinates within
the WCS. The orthogonal distances of the measured points
will be calculated according to Eq. 3 based on the correspond-
ing parameters of the large gear (Table 1). Thereby, the mea-
sured points can be transformed into theWCS. The evaluation
in Section 4.2 focuses on the evaluation of shape deviations of
the involute flank and can be expanded to the calculation of
standard profile and helix deviation parameters. Remaining
quality parameters, such as the pitch deviation (FP) or the
runout deviation (Fr), require a synchronized angle measure-
ment between the gear and the LLT. This is not given in this
arrangement, and, therefore, the estimation of those parame-
ters is not subject of this paper.

4 Results

4.1 Time resolution and measuring rate

Figure 6 shows all measurement points which are detected in
the field of view of the sensor. The measuring frequency is

Fig. 4 Alignment of the laser line scanner to the gearing

Fig. 5 Geometric construction and relationship of a measuring point on
the involute flank of a tooth z in the workpiece coordinate system (x′, y′)
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200 Hz (5 ms) for 1280 measurement points, which are de-
tected simultaneously. Despite the convex and reflective sur-
face shape, the detection of almost the complete surface pro-
file line of a tooth flank from the tip to the root is possible in
one shot, cf. Fig. 6.

From the profile line, the region of interest is extracted for
the subsequent evaluation of the involute. In the experimental
investigations, it could be observed that the orientation of the
sensor has a direct influence on the appearing of multiple
reflections and the number of valid measurement points.
According to the measurement results shown in Fig. 6, a re-
gion that cannot be detected is located in the root area at
x = 1 mm. The reason is that undercuts, artifacts arise and
multiple reflections due to the steep viewing angle of the sen-
sor to the surface of the involute. In addition, the optical axis
of the laser source is oriented in the transverse section of the
large gear. However, the missing region is negligible since it is
not important for the functional inspection of a gear. The pro-
jection of the laser line in the root area leads to multiple re-
flections, but the multiple reflections can be minimized by the
usage of a respective aperture, which is attached at the tooth
tip. The residual points that remain after such minimization
are not taken into account in the evaluation, because these
points are outside of the selected evaluation range (compare
Fig. 6). The applied method for the geometric model and
evaluation (Section 3.1), which uses the sum of the least
squares of the orthogonal distances, allows at the same time
the implantation of an outlier test according to Grubbs [32].
As a result, a certain number of outliers, which might remain
in the evaluation range after the minimization, would be
masked and not taken into account for further evaluation.

Figure 7 shows the surface of a tooth flank acquired by
traversing the sensor in z-direction. As a result, the surface
was measured by 3500 individual profile lines, which corre-
sponds to 4.48 million measurement points. Hence, the linear
scanning of the complete surface of a tooth flank is possible.
Only in the root region at x = 5 mm, measurement artifacts are

visible due to multiple reflections. The complete scanning
process takes 2 min. In a direct comparison, the measurement
time for the tactile detection with the same point density
would take 190 h. This demonstrates the considerable accel-
eration of an extensive measurement on large gears with the
LLTwith an acceleration factor of 5700. In terms of economic
considerations, this acceleration can be applied to detect the
surface of all tooth flanks of large gears three-dimensionally.

Due to the high and uniform number of measurement
points on the entire surface, the surface of the tooth flank
can be inspected along all three dimensions. For instance,
surface defects such as breakouts and blemish (Fig. 8) can
be detected quickly and automatically. Defects in form of
breakouts and blemish usually occur during the operation of
gearboxes and not in the production process. Figures 9 and 10
show the results of the linear scanning of the tooth flanks in
the region of defects. The surface was detected with a high
number of individual profile lines, which corresponds to about
640.000 measurement points. As result, the breakout and the
blemish were resolved. In contrast to the insufficient informa-
tion content from the tactile standard gear inspection, the de-
tection probability of the defects is significantly higher with
the fast optical 3D detection of the complete surface of a tooth
flank.

As outlook, the detection of the total surface of the gearing
can take place directly in the gearbox of a wind turbine with-
out disassembling. Thus, any damage can be checked and
monitored directly in the field of the environment.
Therefore, the LLT has the potential for condition monitoring,
e.g., in the operation of gearboxes in wind turbines. For the
evaluation of the principle of laser triangulation for measure-
ments on large gears in Section 4.2, the large gear from
Table 1 is considered. On the basis of the chosen large gear,
fundamental questions are examined for the acquisition and
evaluation of the involute of the large gear with the LLT.

Fig. 7 Surface of one tooth flank of a large gear

Fig. 6 All measurement points of one single shot from the LLT in the
sensor coordinate system (x, z) compared to the transformed CMM
measurement points within the evaluation range
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4.2 Evaluation and comparison with reference
measurements

Figure 11 shows the result of the approximation of the mea-
surement points to the nominal involute of the large gear.
Thus, the measurement points from the LLT are transformed
in the WCS (Fig. 11) of the gear based on the least squares
sum of the orthogonal distances (Eq. 3). It should be noted that
the evaluation is done for a single detected profile line (invo-
lute), with a static fixed positioning of the LLT sensor. In this
case, the errors of the linear units can be neglected.

The result of the calculation of the orthogonal distance (di)
of each aligned measurement point to the nominal involute of
the gear is shown in Fig. 12. The orthogonal distances of each
measurement point of the LLTand the reference measurement
with the CMM are calculated with Eq. 3 within the WCS. The
two curves in Fig. 12 indicate the deviation between the mea-
sured involutes and the nominal involute. The algebraic dif-
ference between the upper and the lower limit of the curve is
the maximummeasurement deviation. Themaximal deviation
of the LLT amounts to ± 10 μm, whereas the deviation of
tactile measurement is only ± 2.6 μm. However, it must be
taken into account that the measurements from the CMM are
filtered, because the tactile ball probe of the CMM acts as a
mechanical low-pass filter whose cut-off frequency is defined
by the diameter of the ball probe [33, 34].

In order to specify the influence of the filter effect and the
gear surface, the tooth surface was detected with a stylus

instrument with a lateral resolution of ≤ 1 μm. Thereby, the
detected profile consists of form deviations, as well as wavi-
ness and roughness components. The evaluation of the mea-
sured values is carried out uniformly according to standards
from the surface metrology. The roughness was not consid-
ered here, since the roughness value amounts to Ra = 0.4 μm
and can be neglected. The waviness height Wt is determined
over ten measurements with a mean of 10.5 μm, whereby the
measurement distance ln amounts to 12.5 mm. The waviness
height for the LLT measurement is determined over ten mea-
surements with a mean of 7.6 μm. In the direct comparison,
the evaluation of the CMM data has a waviness height of
4.6 μm. Hence, the mechanical filter effect of the tactile ball
probe [34] has a direct influence on the detection of the wav-
iness height, and a large part of the waviness component is not
detected with the tactile measurement. In proportion, the LLT
is able to detect a large proportion of the waviness component
of the surface. As result, the detection of the shape deviation
by the LLT is one of the reasons for the high measurement
deviation in direct comparison with the CMM data.

4.3 Measurement deviation

The measurement deviation of the LLT sensor can be divided
into a random and a systematic part. For laser line triangula-
tion, the speckle noise caused by the summation of light

Fig. 8 Surface defects in form of
breakouts (a) and blemish (b)

Fig. 9 Detection of a surface defect in form of a breakout as can be seen
in Fig. 8a

Fig. 10 Detection of a surface defect in form of a blemish as can be seen
in Fig. 8b
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waves with different phases on the CCD is typically one major
source for the random error [27, 28]. The random error is
defined by the fact that measured values are compared from
different surfaces. The light waves may cancel or reinforce
each other, leading to dark or bright speckles, respectively.
The random process creates uncertainties in the determination
of the exact centroid position of the CCD laser image, which is
used to calculate the digitized coordinates [35]. The appear-
ance of speckle depends on many parameters such as the tem-
poral and spatial coherence of the illumination and the projec-
tion aperture, as well as the observation aperture of the sensor
and the surface roughness [28]. The projection and observa-
tion aperture are fixed by the sensor. The roughness of the
surface of the gear is defined by the manufacturing process.
The change of the temporal coherence of the light source has
not been carried out since it cannot be changed, because it is
fixed by the commercial sensor. An extensive spatial incoher-
ence in the luminous spot was also not investigated, because it
has the consequence that the lateral resolution would be re-
duced [28], which is not desirable here.

On the one hand, the systematic error is defined by the
scanning depth and the projected angle of the LLT sensor.
Since the triangulation angle is becoming smaller with an
increasing scan depth, the standard deviation should rise with
enlarging scan depth [35, 36]. On the other hand, the signal-to-
noise ratio (SNR) must also be considered. In order to char-
acterize the SNR of the sensor and the influence on the mea-
surement deviation, the dynamic threshold of the sensor is
varied in two steps (factor 4). The dynamic threshold refers
to the evaluation of the intensity distribution (comparison of
the gray value) of the sensor matrix, by applying a
thresholding method for the segmentation procedure [37–39]
and allows the segmentation of the exposed and the unex-
posed pixels. The method of the dynamic threshold deter-
mines a neighborhood N for each pixel, and calculates a suit-
able threshold value t(N) based on this neighborhood whereby
a dynamic adjustment is realized [38]. The dynamic threshold
is insensitive to local brightness changes, e.g., reflections from
the surface, thereby the illumination differences of the
resulting image are balanced.

Figure 13 shows the result of the approximation of the mea-
surement points to the nominal involute which are detected with
a high dynamic threshold. The measurement points from the
LLT are transformed into the WCS (Fig. 13) of the gear based
on the least squares sum of the orthogonal distances (Eq. 3).

An increase of the dynamic threshold leads to a reduced
number of measurement points. In addition, the higher thresh-
old leads to an asymmetrical point distribution, whereby the
point density in the root region is lower compared to the tip
region (Fig. 13). The result of the calculation of the orthogonal
distance di of each measurement point to the nominal involute
of the gear can be seen in Fig. 14. This is done for a signal
measurement (blue curve) and the mean of 100 measurements
(red curve).

The increase of the dynamic threshold leads to an increase
in the measurement deviation of the single measurement up to

Fig. 12 Orthogonal distances (di) of each measurement point (LLT and
CMM) to the involute

Fig. 11 Approximation of the measurement points (red dots) to the
nominal involute (blue line) of the large gear within the WCS

Fig. 13 Approximation of LLT measurement points (red), acquired with
a high dynamic threshold, to the nominal involute (blue) of the large gear
within the WCS
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± 19.55 μm. By calculating a temporal mean value from 100
measurements, the measurement deviation can be reduced to
8.2 μm. Table 2 summarizes the measurement results with a
low and a high threshold at given viewing angles.

Increasing of the dynamic threshold leads to a decrease in
the number of measurement points (compare Table 2). As a
result, a reduction in the point density has the consequence
that in the approximation the weighting of a single measuring
point increases. In addition, the relative noise in the image
increases leading to an increased noise of the individual
points.

The calculation of the mean value for a low dynamic
threshold has no significant influence on the measurement
deviation (italicized results in Table 2). In contrast to this,
the determination of the mean value at a high dynamic thresh-
old leads to a minimization of the measurement deviation
(bold results in Table 2) between ± 7.55 and ± 8.2 μm which
is dependent on the viewing angle. The reason is that a reduc-
tion of the noise component is realized by applying a time
averaging of 100 measurements. As the noise arises stochas-
tically, a summation of nmeasurements decreases the standard
deviation of the noise signal by the factor

ffiffiffi

n
p

[37, 40]. As
result, the SNR increases by n with respect to the signal am-
plitudes. Since another increase in the dynamic threshold in
combination with temporal averaging does not lead to a

further reduction in the measurement deviation, the measure-
ment principle of the LLT is limited by the SNR. Hence, a
measurement deviation of ± 8.2 μm can be achieved with the
current measurement setup, which can be reduced in future
investigations by minimizing the systematic errors.

5 Conclusion

The results at the tooth of the large cylindrical involute
gear show the applicability of the laser line triangulation
for the fast and multidimensional detection of the con-
vex and reflective surface. In contrast to the tactile mea-
surement technology, the laser line triangulation can de-
tect 1280 measurement points simultaneously and has a
measuring time of < 10 ms. The high measurement rate
is successfully applied in an optical scanning method
for the three-dimensional measurement of a complete
tooth flank. In direct comparison to tactile measure-
ments on large gears, the laser line triangulation can
considerably speed up the measurement with an accel-
eration factor of 5700. The fast and multidirectional
detection of the complete surface of a tooth flank has
advantages; thus, the detection of defects could take
place directly in a gearbox. By that, damage occurring
in the area of applications can be quantitatively and
analyzed.

In order to minimize the systematic measurement de-
viations of ± 10 μm, the dynamic threshold of the sen-
sor has been increased. As a result, the number of mea-
surement points decreased and the point distribution is
asymmetrical and leads to an increase of the measure-
ment deviation up to ± 19.55 μm. However, temporal
averaging at a high dynamic threshold leads to a mini-
mization of the measurement deviation to ± 8.2 μm. As
result, the laser line triangulation on large cylindrical
involute gears is limited by the SNR of the LLT sensor.

As outlook, the advantages such as measurement
speed and the parallel data acquisition should be taken
into account and implemented in the design of new

Fig. 14 Orthogonal distances from a single measurement (blue) and a
mean of 100 measurements (red) to the nominal involute

Table 2 Results of measurements
with different viewing angles and
dynamic thresholds

Dynamic threshold Number of points Single dev. in μm Mean dev. in μm Viewing angle in °

Low 294 ± 10.8 ± 10.25 0

High 118 ± 18.05 ± 7.55 0

Low 380 ± 9.3 ± 9.05 10

High 268 ± 21,55 ± 7.80 10

Low 404 ± 8.9 ± 8.9 20

High 321 ± 19.55 ± 8.2 20

The italicized values show the calculation of the single and mean value for a low dynamic threshold.

9



optical sensor systems. To increase the resolution and to
minimize the measurement uncertainty, an improved
measurement arrangement would be if the sensor be-
comes smaller and could be placed within the gaps. In
such a manner, the middle laser beam could be directed
nearly perpendicular to the surface. However, this ap-
proach makes it difficult to implement a scanning mea-
surement of all teeth. In order to realize a complete
quality check of the gear, the presented measuring ar-
rangement would have to be extended with a synchronized
rotation axis, on which the gear is positioned. In such a setup,
the currently unidentifiable quality parameters of the
gear could be determined. Furthermore, the assessment
of corresponding, multidimensional measurement strate-
gies can only be carried out in the future with extended
evaluation strategies, cf. [41], and 2D-filters for the optical
measurement data.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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