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Abstract

Nowadays the proces®ntrol of concave extruded profiles is a measutagk with rising requirements.
novel optical bi-sensorial measurement system sisting of a shadow- and a light-section-systeas-well a
suitable methods of analysis for line inspection are presented. The proposals helpnsure the prodt
quality on a higher level than before. The comboratof dimensional accuracy and daensity leads |
excellent results. Extruded profiles are semi-fieidproducts (from steel, brass, aluminum, syntheticsvhigh
are appointed for wide applications in technicabducts. For monitoring and controlling the partsline
adequately, today often the shading technologésiult detects — neglecting the predilcoat in measurem:
range —-with high precision the dimension of the objedtadow orthographically to the axis of illuminatioks
a matter of fact, concave and local areas cannoeterded. Alternatively, light-sectisystems can measi
concave anes and undercut zones but do not comply witlréheired accuracy. The combination of accu
and data-density qualifies the mentioned msdtisor metrology for realizing a maximum of effiag in
process control what ensures product quality ard teefective goods. The optical mwénsor measuremi
system has to be calibrated and aligned to ddtecsame surface zone despite of high refresh aaid®ptice
resolutions. The metered characteristics will berdmate transformed to extrinsic wordordinates fc
evaluating form deviations of complex parts. An rygpiate user-interface enables tocedeulate measurem
objects inine and evaluate the conformity of the part consadly. Finally the real length information assi®
influence the process control. After a successful teshénlaboratory the results will be proved in produttc
the target: measurement uncertainty of better thamm at every profile.
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1. Introduction

Optical non-contact manufacturing metrology witlghh speed qualifies for different
materials and ambient environments. Unfortunatély,present optical sensor systems cannot
deal with all performances the customer of thespdeimands for. Extruded profiles are semi-
finished products which are appointed for wide aapions in manufacturing of technical
products. Nowadays-used optical sensors in procesdrol working to the shading
technology detect the objects’ shadow orthografliyida the axis of illumination. Often
manufactured objects in production are hot, a#fictvith oxide scale and move inaccurately
in processes. In order to rework the profile tanalfproduct, the customer (using the semi-
finished profiles) demands great accuracy at epeigt of the profiles outline contour. On
the one hand shadow systems are very accuratenbbteuto measure concave profiles. They
serve only with two-point information of the objgcbutline with one diameter. They reach
rapid refresh rates of more than 500 Hz and resoisitof 0.01 mm [1]. On the other hand
light-section systems (as well state of the arth caeasure concave profiles zones
fundamentally, but not with the required accuraacebetter than 0.1 mm. Their refresh rate
exceeds rarely few Hz what can be too short fdme-applications. An optical multi-sensor
measurement system — combining either — leadstterbmeeasurement results, see Fig. 1.
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Fig. 1. Concept of the optical Multi-Sensor Maa&snent System.
2. Requirementsto the M easurement System

In order to meet the requirements one has to apevidh a measurement system which
combines both sensor types on the one hand with ammurate results and on the other hand with
higher data density. The possibility to measurecave profile zones as well has to be
implemented. For the accuracy a shadow systemtimgeised with resolutions of down to
0.01 mm but it only deals with scalar length infation of the boundary points of the measured
profile. For measuring concave zones three ligttise systems observe the profile by 360°
around it. Their data will be fused to one dataset the characteristic length, roundness or other
defects can be detected afterwards with a userfaoée including visualization. For that use
suitable sensors, a flexible and stiff construcamal an efficient solution for the data analysis
have been built up. The parameters of the sensasslmear ambient conditions like temperature,
vibration, dust, humidity and infrared radiatiof. [2

2.1. lllumination

As the illumination source a semiconductor lasdreist suited because of the optical stability,
fair price and at the same time less needed spatevarm-up time. Blue and similarly green
light (wavelengths between 420 nm to 530 nm) areypand dangerous for human eyes of
participant operators. The red laser (about 66Qvavelength) is affordable, less dangerous and
available with high power. But the vicinity in tlspectrum near to the infrared light could be a
problem due to the loss of contrast in the imagatwéads to inaccuracy and accordingly to bad
measurements [3]. A performed worst case simuldironght out that red light is adequate for
this application. Finally, 50 mW light power and amgle of the light fan of 40° ensure a sharp
and strong line projection despite of heat radiatithe displacement to the sensor is important
for cooling practices in the shop floor later ol @t the same time the width is wide enough for
the device under test, see 2.4.

2.2. Observance of the Object

The projected laser line must be observed stafyarad has to reach accuracies to 0.1 mm, but
a camera with sensitivity, high resolution and $meéd of space is suited. The refresh rate must
be over 20 frames per second (fps) to ensuresitdea grab every 250 mm (the profiles extrudes
with velocities up to 8 m/s). With respect to griagitt intensity a CCD-Chip with 1920 to 1080
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pixels was selected. The wide band format is deitéd measure medium distorted lines on
complex profile shapes. Filters against UV and ardd radiation help to separate the
disturbances. The cameras are freely adjustalalegie and distance.

2.3. Measurement objects

The objects are several extruded profiles from shratuminum and polymers. They are
endless semi-finished products from 10 mm to 100d@meter and used in a couple of technical
applications. As a result the end customer doefian to rework in the same amount to usual
raw material. The profiles have temperatures of°808@nd move non-constantly in speed.
Unknown frequencies and shocks from the procesplozate the measuring place. In addition,
lubricant, dust and oxide particles are constrdmtshe optical system in addition. In all, there
are different forms to measure: H-, L-, T-, rouritexagonal-profiles and some special types.

2.4. Reconstruction of the part contour

The grabbed images have to be recorded concetrenigitim deviation of the object. Normal
triangulation works only with two angles betweere thbject and the observer for easy
reconstruction, see Fig. 2.

Ah=Al— 1 : )1
sin S [{cota + cotf )

On the one hand the light section systems haves tadjusted with respect to the different
profiles. On the other hand, only known and steatigtions of distance and angle can lead to
accurate reconstruction by triangulation. In gelnéhn@ reconstruction does not allow to effort
much time because of real time abilities. For imstaby serving with 20 fps, one measurement
with all operations has obviously only 50 ms tirmébe proceeded. For this reason an extensive
calibration concept had to be formulated and implated, see 4.3 [4].
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Fig. 2. Principle of the optical triangulation.
3. Set-up of a Prototype

The system consists of two sensor systems whick taeombine the advantages of both
methods optimally. For testing and evaluating #chable performance a test stand has been
constructed, see Fig. 3. The frame is made of alumj the light section systems — cameras and
lasers — are fully adjustable around the part.
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Fig. 3. Mock-up of the bi-sensorial test stand.
3.1. Arrangement

There are three sub-systems built in to ensurdaaéw around complex-shaped or concave
profiles. For this reason an adjustment concepet@ry profile size and type helps to install,
adjust and calibrate the test stand for differezgissand types again. The distances of the several
lasers, their angle, the distance of all camehas; &ngle and the distance between the cameras
and the lasers have to be respected [5]. To follmvparameters operatively and accurately a
calibration procedure with various steps must bididadl, see 4.3.

3.2. Main Elements

Flexible knob holders allow to adjust and to fiks@nsors in two rotatory and two translational
degrees of freedom. The measurand can be changég &ad held or isochronally moved
automatically in two dimensions by actuating eletsehinear motors with stored program
control (SPC) serve with power for profile piecgsta 60 kg and frequencies from 0.1 Hz to
5 Hz. This movement simulates the real vibratiomg shocks on the shop floor. The shadow
system is easily and fully rotatable — 360° arothdpart. The shadow system can be adjusted
depending on different profile types for ensurirg tbest view, too. A workstation with
customized software conjoining flexible librarie$ lugh-level language, ensure the image
acquisition, the calibration, all calculations d@ne merging.

4. M easurements

All systems’ sensors have to be motivated, images o be read out and datasets have to be
stored in a history. Afterwards the calibration,rgnmey and reconstruction for the evaluation of
form deviation are to proceed.

4.1. Light-section-systems

For a full view, more than one sensor pair is ndggdee 3.). Three pairs are a compromise
between costs, effort and the possibility of meagucomplex zones. The images from every
camera are triggered by a master signal, see &idcvery picture can be sized and enhanced by
contrast, Fig. 4b. The Edge Finder localizes thrast of the laser and saves it in arrays, Fig. 4c
The three sensor pairs are installed with an dptwarlap of about 10 % to ensure the
reconstruction to one form by algorithms based &NBAC (Random Sampl€onsensus)
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perfectly. The calibration of every profile is dohg a protractor for the lasers and by gauge
blocks plus calibration plates for the camera®disihs and distances.

a)

Fig. 4. Grabbed film by the light-section systend@nmovement.
4.2. Shadow subsystem

The shadow system deals with scalar length infoomatf the maximum outline of the profile
by reducing the task to timing. The system hastodntinuously calibrated by the accurate two-
point information. The linear calibration is dong two different sizes of gauge blocks and
compensates the offset error and the pitch ertoe. Binary information is read out directly and
can be used for the full calibration and the oa#lirspeed of the data stream.

4.3. Calibration of the combined system

The calibration of all sensors demands global msitricoordinate systems. It has to be built
together, calibrated for every type in the catadognd aligned to one scatterplot for serving with
authentic proposals of measurement uncertaintyirbgration with a fluctuating point of origin
has to be provided. The calibration with many degref freedom for the conjoined optical
measurement system can be done by theodolitese dmicks and other special artefacts to the
traceability of the unit of length, the meter.

4.4. Datafusion — combining the results

To combine the three datasets which are calibratetl reconstructed together, the ICP-
algorithm, (iterative closest point) which is awahile in different variants can be used. The
overlapped zones are used to straighten and hkgdatasets. After that, the more accurate length
of the outline by the shadow system can be weigineldcalculated with the result of the merged
light-section point-cloud at zones near to the mmaxn width. Finally, the results can be analyzed
and evaluated.

5. User Interface

The operator must easily use and analyze the reegotisn and the measurement results. He
must be guided through the measurement and help Ihasprovided if needed to ensure stability
for the process control in-line.
5.1. Procedure of reconstructing shaped elements

All extruding profiles must be compared with a refeee which normally comes from the

technical drawing. The reconstruction of the meadyoint-cloud with a comfortable graph and
the visualization of the measured contour as welt@nmparing them to a reference — in due to
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evaluate the conformity or non-conformity of thertpa needs an intuitive user-interface
implicitly. It can be selected to which criteriaafiibe reconstructed. Implemented for the circles
and loop structures are the Gaussian, Inscribeckinen, Minimum methods and — very
important for many applications — the Circumscribddeximum [6] method. Other methods
provided aree.g radius and line structures. For all visualizaticalculations and experiments the
ability of calculating time and accuracy must bsugad, see 5.4 and 5.5.
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Fig. 5. Image processing and reconstruction inyarra

5.2. Evaluation of the measurement results

The user-interface shows the reference datasetyopmfile and the measured one with all
calculated sampling points. Different colors helglivide into “good” or “not good” sections and
to control the process performance indicators,ntiaehine capability and the process quality.

Form deviations, tolerances from length, form aasitpn after DIN ISO 1101 can be analyzed
and evaluated [7].

5.3. Guidance to the operator

A customized help function which blocks unknown adws and provides safety against
“misuse”, ignoring wrong inputs by keyboard andeagonomic user-interface design conform to
DIN I1SO 9241-10 and -17 ensures intuitive and oatiosability. The operator has an easily
usable limited task bar with big sized letters lo@ $creen. For the developer a fully equipped

task bar can be faded in by a hotkey with advansadbility for calibration and attendance
affairs.
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Fig. 6. User interface for the multi-sensor measenet system.
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5.4. Calculation time

The calculation time depends on the profile anddiwesity of points per reconstruction [8].
Every measuring point has to be positioned at tloéilgp by comparing with all others and
collecting the distance to the normal vector of thesen form elemenk.g the circumscribed
maximum circle witm points has as many possibilities

e n! —(_ n
P=(n-3) %m (n=3) Eﬂs) : (2
O0® - for(n=50),P= (47[4539) =783, (3)

Neglecting the most complex profile types, lik¢ or H, a calculation time of 30 ms is
sufficient. The hardware-based time for image graphnd the interface declaration are smaller
than 10 ms. In the sum of 40 ms (in all) finallaliows 25 fps. So, the cameras can be utilized
optimally.

5.5. Accuracy of the calculation

The accuracy is — more than one magnitude — b#tter it would play a role for the
agglomerated accuracy of the multi-sensorial optiegasurement system. The complexity of the
different calculations is very varying, so the namlof reachable calculations per section is
between 5*18up to 8*1d. The resulting deviation in maximum — in off-litests by simulation
— has been smaller than 0.01 mm and can be imprbyedore selected points for the
reconstruction and analysis anytime. The accuradythe time for calculation are competing
objectives. The form elements of reconstructingigiit zones, radii or pitch circles are getting
less precise with less point density improvingrieasurement time (see 5.4). The measurement
uncertainty of the optical Multi-Sensor-Measureraehas to be better than 0.1 mm at every
profile. As well at test measurements in the shopr fwith outside influences, what is a topic of
the current activities. Therefore the accuracy ta@oaple of characteristics like diameter,
parallelism or perpendicularity of different prefisizes and its sections are being determined
carefully. The results show that the measuremergrntainty is always better than 0.1 mm and as
a result the calculations inaccuracy is negligible.

6. Conclusions

The introduced multi-sensorial measurement systamists of an optical light-section system
and a shading system which are merged togetherawidp one measurement result. The
objective to align high data rates with accuracg #re possibility to measure concave profiles
has been achieved. All sensor systems are runnitingavPC-workstation which works with
specific software. A custom-designed user-interfaetps to receive robust, quantitatively
repeatable results from data points reconstructeasarement. Finally a 360° view as well of
complex profiles is enabled and analyzes the pofiptimally in-line. The method operates in
spite of rough constraints in the shop floor. Thalgation of length, form and position compared
to a reference is directly possible and ergonotgiagable, to select parts in “conform” and
“non-conform” class at any time, with a frequencly up to 25 times per second and a
measurement uncertainty better than 0.1 mm. The stegs are to fine the calibration of the
sensors, giving quantitative proposals to the nreasent uncertainty, optimizing the
measurement results and the measurement procesa@oging the juncture between hardware
and software for even faster results. After tha, aptical multi-sensorial measurement system
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can be optimized and can be installed to the mahufag process where many influences will be
critical. It assists to monitor the process in-teak better than before what leads to better podu
quality and less rework at the end customer of digmshed products.
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