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Abstract: Quality control is an important aspect of mod-
ern production processes. Obtaining quantitative informa-
tion not only helps to ensure the function of machinery
and products, but also enables cost reduction by feed-
back control of process parameters. A multitude of modern
industrial applications feature an increasing amount of
highly integrated machinery, resulting in a requirement for
new measuring devices. Two new measuring systems are
presented for in-situ inspection tasks in confined spaces.
A combination of endoscopy techniques with structured il-
lumination enables capturing areal 3-D geometry informa-
tion of functional elements in integrated machinery. De-
pending on the requirements for inspection, either rigid or
flexible image guides may be used to transport the struc-
tured light patterns. While a flexible endoscope allows for
a more flexible positioning of the sensor head, its resolu-
tion is limited by the number of individual fiber cores. Al-
ternatively, if constraints on the versatility of sensor posi-
tioning can be accepted, rigid endoscopes feature higher
image quality. Both approaches are described in detail and
compared based on evaluations on features of a calibrated
micro contour standard.

Keywords: Fringe projection, 3-D metrology, endoscopy,
inspection.

Zusammenfassung: Durch die Gewadhrleistung der Funk-
tion von Produkten und Maschinen ist die Qualitdtskon-
trolle ein zentrales Element moderner Produktionsketten.
Die Erfassung von Qualitdtskenngrofien in hochintegrier-
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ten Maschinen stellt neue Herausforderungen an die Mess-
technik. Dieser Beitrag stellt zwei neu entwickelte Mess-
systeme vor, welche fiir Mess- und Priifaufgaben an schwer
zugdnglichen Geometrien geeignet sind. Das erste Mess-
system verwendet flexible Glasfaserbiindel fiir den Trans-
port der Bildinformation fiir Projektor und Detektor und
ermoglicht so eine flexible Positionierung des Messkop-
fes. Das zweite Messsystem verwendet ein starres Boro-
skop auf Basis eines Linsensystems in Kombination mit
einer Mikrokamera. Der Aufbau beider Systeme wird im
Detail vorgestellt und die jeweiligen Kalibrieransitze be-
schrieben. Des weiteren wird ein Vergleich anhand von
Wiederholmessungen an zwei Konturnormalen mit defi-
nierten Geometrieelementen durchgefiihrt. Die Standard-
abweichung der Punktedaten zu den eingepassten Refe-
renzkorpern liegt fiir das auf flexiblen Bildleitern basie-
rende System unterhalb von 5 pm sowie unterhalb von
28 um fiir das starrendoskopische System. Wéahrend sich
das erste Messsystem insbhesondere fiir filigrane Verzah-
nungsgeometrien eignet, bietet sich die Verwendung des
starrendoskopischen Systems fiir die Erfassung grof3fla-
chiger Elemente aufgrund des grof3eren Messvolumens an.

Schliisselwdrter: Streifenprojektion, 3-D Messtechnik, En-
doskopie, Inspektion.

1 Introduction

In many applications highly integrated machinery is em-
ployed in order to improve efficiency and reduce costs. Ex-
amples for these applications are metal forming processes
for manufacturing parts with filigree functional elements,
such as gearings, or turbo jet engines for aircrafts. With
an increasing use of integrated machinery, there is also
a need for applicable measuring devices in order to per-
form quantitative inspection of functional parts. To keep
the time and cost of inspection low, in-situ testing of the
corresponding elements is desired, as a compllete disas-
sembly of the machine can be avoided.

Owing to space constraints, commercially available
measuring devices are not capable of performing these
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inspection tasks. As a result from the new requirements
imposed by industrial processes, such as the sheet-bulk
metal forming process [1] or the servicing of turbo jet en-
gines [2], new measuring devices are being researched
for these applications. Optical methods are capable of the
task due to their fast and non-destructive nature. Espe-
cially fringe projection profilometry appears to be well-
suited for the requirements thanks to its ability of cap-
turing high-density 3-D point clouds in less than 10 s. By
combining fringe projection with endoscopy techniques,
known from medical applications and manual inspection
of industrial machinery, quantitative information on func-
tional elements in constrained spaces can be achieved
while maintaining low measuring durations. This is es-
pecially beneficial for the inspection of production pro-
cesses, where cycle times are in the order of a few seconds.

To obtain 3-D measuring data using fringe projection,
structured light patterns are projected onto a specimen
and received from an angle by a camera unit. Based on
the deformation of the pattern in the camera images sur-
face points can be reconstructed by triangulation. Based
on different endoscopic techniques two fringe projection
systems for different applications are developed and stud-
ied. For the inspection of turbine blades, a measuring
system based on rigid borescopes is being developed,
whereas a second measurement system based on flexible
fiber endoscopes is developed for the inspection of tool ge-
ometries in an industrial metal forming process. The two
endoscopy techniques differ in resolution and contrast
imaging, as well as in flexibility. In this article, first com-
mon endoscopy techniques are presented and discussed
followed by the description of two 3-D measuring systems
based on fringe projection profilometry. Both the design
and measuring procedure is described, followed by a com-
parison based on measurements of calibrated geometry
standards.

2 Endoscopy techniques

Endoscopes are widely used for imaging tasks in medical
applications and for manual inspection in industrial appli-
cations. This section gives an overview over three different
techniques available for imaging applications.

Rigid endoscopes

Rigid endoscopes consist of a metal shaft containing a lens
system to relay the image data. For manual inspection,
they feature an ocular on one end and an objective lens
on the tip. For more convenient use, a camera sensor

DE GRUYTER OLDENBOURG

may be attached to the endoscope to evaluate the image
on a screen [3]. Rigid endoscopes are available in vary-
ing length, up to 1.5 m, with diameters of approximately
7 mm.

Fiber endoscopes

By combining multiple glass fiber cores in a common
cladding to a fiber bundle, spatial image information can
be transported. Current fiber endoscopes consist of up to
100 000 individual fiber cores. However, it needs to be
noted that an increase in resolution also leads to a loss
in flexibility, due to restrictions on the bending radius.
Typically fiber endoscopes feature a diameter of less than
2 mm to also access very narrow areas with lengths of
more than 1.5m. To maintain compact dimensions at
the tip, fiber endoscopes are typically combined with
gradient-index (GRIN) rod lenses, which can be directly
glued to the planar end surface of the bundles. By com-
bining the fiber endoscopes with an ocular on one side,
manual inspection can be achieved. Alternatively, a cam-
era sensor may be attached.

Video endoscopes
With recent miniaturization of camera sensors, video en-
doscopes with an electronic camera sensor at the tip
have been established. Video endoscopes are generally
flexible through the use of wires for image transport
and power supply. Current compact video endoscopes
for medical purposes feature a resolution of more than
1000 000 pixels [4]. The fiber-optic fringe projection sys-
tem described in Section 3 uses two fiber endoscopes,
while the system described in Section 4 uses a combina-
tion of a rigid endoscope and a video endoscope.
Research has been published on the development of
3-D measuring techniques for endoscopes. In [5], a mea-
suring endoscope based on a rigid stereo endoscope has
been developed, which allows to measure the distance of
multiple discrete points. As an alternative to triangula-
tion based methods, the time-of-flight method has been
demonstrated using a rigid endoscope [6]. An overview
over different approaches for capturing 3-D information
for medical applications is presented in [7].

3 Fiber-optic fringe projection

For the inspection of tool geometries in sheet-bulk metal
forming processes, a fringe projection system based on
flexible fiber bundles is being developed. The system has
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Figure 1: Fiber-optic sensor head next to specimen.

been designed for measurements in harsh conditions,
such as increased temperatures and the presence of strong
electromagnetic fields from the actuators of the form-
ing machine. By using the fiber-bundles, sensor heads
adapted to specific inspection tasks can be changed easily
by removing and attaching them to the fiber ends. Design
parameters for the sensor heads are the triangulation base
and angle, the working distance of the optics and the use
of mirror prisms to change the direction of projection. An
exemplary sensor head with 10 mm working distance and
mirror prisms is shown in Figure 1.

The following sections will explain the optical design
of the fiber-optic fringe projection system as well as the
automated calibration process and measuring algorithms
developed specifically for the new system.

3.1 Optical design

The basic setup of the fringe projection system consists
of a base unit and a compact sensor head, which are
connected by the high resolution image fibers, as shown
in the schematic in Figure 2. The fiber bundles are sup-
plied by Fujikura Ltd. (Tokyo, Japan) and feature a reso-
lution of 100 000 pixel at a diameter of 1.7 mm and length
of 1000 mm. Figure 2 shows the basic setup of the fiber-
optic system. For projecting the fringe patterns on the
specimen, the sensor head features gradient-index (GRIN)
lenses by GRINTECH GmbH (Jena, Germany) for both the
camera and the projector part. Depending on the geome-
try of the object, lenses with a working distance of 10 mm
or 20 mm may be used. Optionally mirror prims may be
used to change the direction of projection by 90°. Using
the 10 mm GRIN lenses, the measuring volume is approx-
imately 6 x 6 x 3 mm”. For the lenses with a working dis-
tance of 20 mm, the measuring volume is approximately
10 x 10 x 4 mm”. For the measurements presented in Sec-
tion 5, a sensor head with a working distance of 10 mm
has been used.

S. Matthias et al., Fringe projection profilometry using rigid and flexible endoscopes = 3

e S
: 1IXTOor /: 4_‘} {\‘4_ .

:;iObjectiveéé Objective Beam  Light

. v forming source !

Q@< - 7

X Camera i §7 Vool bMD Projector:

Base unit

Sensor head assembly

Fiber
bundles

Gradient-Index lenses

Figure 2: Schematic of the fiber-optic fringe projection system.

Depending on the requirements defined for the in-
spection task, either a Laser light source or a LED may
be used in the pattern projector. While the Laser light
source enables very efficient fiber coupling and thus very
low measuring durations, it suffers from slightly increased
noise in the 3-D point cloud data. Alternatively, a LED-
based illumination may be used to avoid speckle [8], with
measuring durations in the range of 3s and less, de-
pending on the reflectance of the specimen. For the mea-
surements presented in this article, an LED light source
is used in the pattern generator. After a beam shaping
stage, a digital micro-mirror device (DMD) by Texas In-
struments Incorporated (Dallas, USA) with a resolution
of 1024 x 768 pixels is used for the flexible generation of
fringe patterns. In order to couple the generated patterns
to the fiber bundle, a microscopy objective is used.

On the camera side, a Point Grey GS3-U3-23S6M-
C industrial camera (FLIR Integrated Imaging Solutions
GmbH, Ludwigsburg, Germany) with a CMOS sensor is
used to capture phase-shift images. Outcoupling from the
fiber bundle is achieved by using a microscopy objective.

3.2 Calibration and measuring process

The measurement process for the fiber-optic fringe projec-
tion system is based on phase-shift patterns. To avoid arti-
facts from low-frequency inter-fiber crosstalk, heterodyne
phase unwrapping is used in combination with deconvolu-
tion of the modeled fiber bundle point spread function [9].
As technical surface geometries exhibit highly varying re-
flectivity, high dynamic range (HDR) imaging is used dur-
ing the phase measuring process. After obtaining a phase-
image of the specimen, a high-density point cloud can be
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reconstructed by triangulation using calibration data for
the chosen system model.

In order to calibrate the fiber-optic fringe projection
system, a diffuse reflective point pattern standard by Ed-
mund Optics GmbH (Karlsruhe, Germany) is positioned
by a linear stage. The standard features a grid of defined
points with a distance of 125 um. To capture the required
calibration data, the standard is automatically positioned
at different distances to the sensor head. An automated al-
gorithm is used to extract projector and camera correspon-
dences from the captured calibration images. In a third
step, the system model parameters are calculated from
the correspondences. Depending on the optics used in the
projector, two different calibration models are employed.
For the GRIN rod lenses with parallel end planes, distor-
tion can be very effectively described by radial distortion
polynomials of third order according to the Brown distor-
tion model [10]. When considering the full optical path, in-
cluding incoupling and outcoupling objectives, tangential
distortion coefficients can also be estimated by the cali-
bration algorithm. If a GRIN lens with angled end plane
is used in the projector path, asymmetric distortions are
present in the projected images. In this case, a polynomial
black-box model can be used for the projector instead of
the pinhole model.

The calibration process and a comparison of the two
different system models is described in detail in [11].

4 Borescopic fringe projection

For the measurement of complex shaped goods, a bore-
copic fringe projection system was developed. As shown
in Figure 3, it consists of a compact LED Beamer (TI
LCR4500), an optical adapter, a rigid Borescope from
Storz and a 5 mega pixel chip-on-tip camera (OmniVision
0V5647). Figure 4 shows the measurement tip with a di-
ameter of approximately 7 mm. The projector is a devel-
opment system. It can project 120 greyscale images per
second with a resolution of 912 x 1140 pixel. The cam-
era is driven by a compact single-board computer and
the images are send to the measurement computer via
fast-ethernet. Although the camera has a color CMOS sen-
sor, only greyscale information is used for calibration and
measurement. The borescope has an angle of view of 90°
and is pointed 70° relative to the shaft. The camera has an
angle of 60° and is pointed 90° relative to the shaft. The
triangulation angle is 20°. At a distance of 30 mm the the
field of view is approximately 20 mm x 30 mm.
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Figure 3: Photograph of the measurement system with the
projector (a), optical lens (b), borescope (c), micro-camera (d).

Figure 4: Photograph of the chip-on-tip camera (7 mm wide).

4.1 Calibration

The calibration follows the method from Zhang [12]
adopted for fringe projection systems by Posch [13]. The
camera and the projector are both modelled as cam-
eras with a camera matrix and distortion coefficients
each. A calibration pattern with yellow dots is positioned
in front of the measurement system. First the projector
projects blue light onto the pattern that results in the yel-
low features being visible as dark features in the camera
image. Afterwards the projector projects dark features with
a yellow background onto the calibration plane. Now the
yellow printed features are barely visible and only the pro-
jected features are visible in the camera image. Addition-
ally the projected pattern contains several rings to iden-
tify the features position on the projectors display. This
procedure is repeated several times with the calibration
plane each time in a different pose. For each plane posi-
tion a homography between the camera and the projec-
tor is estimated. With one homography for each plane po-
sition, the relative pose of the camera and the projector
and both systems’ internal parameters can be calculated
e.g. using OpenCV [14]. Figure 5 shows example calibra-
tion images.
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Figure 5: Two calibration images. The camera first took a picture of
yellow features with blue light from the projector (left). Afterwards
the projector projected dark features with yellow background so
that the printed features are barely visible (right).

5 Measurement results

In order to evaluate the performance of both fringe pro-
jection systems, two calibrated micro contour standards
are measured. The first standard (IF-Verification Tool) has
been developed by Alicona Imaging GmbH (Graz, Austria)
in cooperation with the German national metrology insti-
tute PTB. Additionally, a contour standard for the tactile
measuring device Hommel-Etamic T8000 by Jenoptik AG
(Jena, Germany) with larger features is measured.

On the smaller micro-contour standard a cylindrical
feature with a radius of 1 mm and a step feature with
a height of 1 mm is measured using both measuring de-
vices. Additionally, the cylindrical feature with a radius of
6 mm is measured on the larger contour standard.

According to the evaluation type A of the Guide to the
Expression of Uncertainty (GUM) [15], 25 measurements
for each geometry feature are obtained, while the pose of
the sensor is kept constant.

In addition to the evaluation of feature parameters,
also the standard deviation (SD) of the measured point dis-
tance to the best-fit reference surface is calculated. For the
step feature, a plane is fitted to the upper step surface and
the average distance of the points on the lower step sur-
face to the fitted plane is calculated in order to obtain the
measured step height.

Both devices achieve accurate measurements of the
geometry features, with a deviation of the measured radii
and step heights of less than 26 um for the fiber-optic sys-
tem and less than 77 pm for the borescopic system com-
pared to the calibrated values. As seen in Tables 1 and 2,
the deviation is also significantly lower for the smaller el-
ements for the fiber-optic system as they are a better fit for
the measuring volume. For the larger radius feature shown
in Table 3, the standard deviation is increased with a value
of 1.2 um compared to 0.1 um for the smaller radius
for the fiber-optic system. The standard deviation of the
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Table 1: Step feature (calibration certificate: 1000.5 um + 0.4 um,
k=2).

Fiberscope Borescope
Mean 1002.0 pm 987.3 um
Standard deviation 0.1 um 1.6 um
Point-reference SD 4.3 um 27.9 um

Table 2: Radius feature (calibration certificate: 1001.5 um + 0.7 um,
k=2).

Fiberscope Borescope
Mean 1003.0 pm 924.6 um
Standard deviation 0.1 um 1.0 pm
Point-reference SD 2.5 um 20.8 um

Table 3: Radius feature (calibration certificate: 5994.0 um + 1.2 um,
k=2).

Fiberscope Borescope
Mean 5968.3 um 5954.1 um
Standard deviation 1.2 um 1.3 um
Point-reference SD 3.5um 20.1 pum

individual measured points to the fitted reference sur-
face are approximately 8 um for the fiber-optic system and
around 21 um for the borescopic system.

6 Discussion

The measurements presented in Section 5 show only slight
deviations to the calibrated reference values of the fea-
tures. Especially the strong aberrations of the projec-
tor and camera optics of both systems are successfully
compensated for by the calibration strategies. Owing to
the smaller field of view, the fiber-optic fringe projec-
tion system is capable of measuring the cylindrical fea-
ture with a radius of 1 mm and the step feature with
1 mm height with a lower standard deviation compared
to the borescopic fringe projection system. When evaluat-
ing the larger cylindrical feature with a radius of 6 mm,
the repeatability of the measurements obtained with the
borescopic system is improved in comparison with the
fiber-optic system as a result of the size of its measuring
volume. The measurements demonstrate the capability of
both systems for the inspection of machine parts in con-
strained spaces. The fiber-optic fringe projection system is
especially suited for the inspection of gearing geometries
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on metal forming tools, with radii in the range of 2 mm or
less, while the borescopic system is useful for the inspec-
tion of larger turbine blade surface areas.

7 Summary

Two measuring devices for the inspection of occluded ge-
ometries have been presented. By combining fringe pro-
jection and endoscopy techniques, the systems are ap-
plicable for measurements of geometries in hard-to-reach
spaces. The optical design and calibration approaches for
a fringe projection system based on high-resolution fiber
bundles and a fringe projection system based on a rigid
endoscope and a miniature camera have been described.
Both systems have been compared on the basis of
evaluations of measurements of two calibrated geometry
standards. Using the fiber-optic fringe projection system,
measurements of cylindrical and step geometries with
a standard deviation of less than 10 pm are achieved. Al-
ternatively, the borescopic fringe projection system allows
for the inspection of larger areas in a single measurement.
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