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ALGORITHMS FOR MEASUREMENT OF BENDED
ELEMENTS BY MEANS OF MEASURING ARMS
EQUIPPED WITH CONTACTLESS PROBES

Wiadystaw Jakubiec, Mirostaw Wojtyta, Wojciech Ptowucha

Summary

The paper presents proposals of algorithms for the control software for measuring arms equipped
with the contactless probes (so called ,V-probes”) as well as algorithms for bended elements’
manufacturing-accuracy evaluation. The working principle of the V-probes is described. The critical
analysis of the accuracy requirements specification for the bended elements is carried out. The typical
measuring errors sources are pointed out.

Keywords: coordinate measuring technique, measuring arms, geometrical tolerances, contactless
probe, tube inspection probe

Algorytm pomiaru elementéw rurkowych za pomoca ramion pomiarowych
z gtowica bezstykowa
Streszczenie

W pracy przedstawiono opracowane algorytmy oprogramowania dla ramion pomiarowych wyposa-
zonych w gtowice bezstykowe V, takze algorytmy prowadzenia analizy wynikow pomiaréw rurek
powyginanych. Omoéwiono zasade dziatania gtowic bezstykowych V. Przeprowadzono krytyczna
analize doktadnosci wykonania elementéw rurkowych. Wskazano typowe zrddta bteddéw pomiaru.

Stowa kluczowe: wspotrzednosciowa technika pomiarowa, niepewnos$¢ pomiaru, tolerancje geo-
metryczne, gtowice bezstykowe

1. Introduction

The optical measurements have many advantages dogpdo
conventional contact measurements [1]. The mesgpuams used for the
measurement of the bended elements (eg. pipe) eaeqhbipped with hard
probes, touch-trigger probes or non-contact (adted tube inspection probes
or V-probes) [2-9]. The contactless probes (Fig. fd) bended elements
measurements are definitely most comfortable in Gserently, the probes are
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supplied with a specialized software (e.g. G-PAD]J1The contactless probes
are used for measurements of bended elements \fidredt diameters and
made of any material. For example Romer offers axilgss probes in 6 sizes
covering diameters of elements up to 130 mm [11je bended elements
measurement results given by the software used thi¢h measuring arms
equipped with the V-probe consist of the lengthd &re angles between the
straight parts of the element. The software is adde to calculate the
corrections for the bending machines parametemnk$to a coding system, the
V-probes can be exchanged during the measuremémutithe need for probe
requalification [10].

Fig. 1. The contactless probes [8, 9]

A standard way of dimensioning a bended elemensistsmon giving the
coordinates of the characteristic points (in therdimate system of the final
product e.g. car) and the bending radii (Fig. B)tHe industrial practice the
manufacturing-accuracy-requirements specification the bended element is
still not enough precise which often leads to mumrstanding. Because the
nominal shape of the bended element is specifiethbycharacteristic points
than a question arises: shall the tolerances bkedpjp the positions of those
points?

The verification of such kind of parts is not stardized. Most often special
check-gauges are used to verify the final proddsually, such a check-gauge
has a form of a cylindrical or rectangular groove size which takes into
account the tolerance for the bended element. Hihis of verification is most
strongly associated with profile any surface talem(Fig. 3) [12, 13]. Due to
the fact that the elements are often not stiff (enatiplastic) the check-gauges
are designed to verify the bended element in theesarientation as in the final
product. The element fulfils the requirement iffiis the check gauge, i.e. any
part of it does not protrude over the edges ofdheck-gauge and the ends
(mounting points) of the element are at certaintpos marked with a tolerance
on the gauge.
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b)
D Coordinates’
X Y Y4

0 0,000 0,000 0,000
1 0,000 -43,309 0,000
2 35,931 -230,369 1,189
3 209,192 | -204,843 6,924
4 180,963 -42,409 20,049
5 180,434 0,128 23,628

Fig. 3. Verification of bended elements; exampleadhgauge

In some cases, the check-gauge includes an eleémeavhich the bended
element is mounted. It simulates the situation wheme end of the element
(with a connector) is a datum limiting 5 degreefreédom.

The check-gauge enables verification if the produoeets the requirements
but does not give the values of the deviations Wiaie necessary e.g. for SPC
and/or process capability studies.

The paper presents a few algorithms for the soéwdrmeasuring arms
equipped with contactless probes and a few variahtsieasurement results
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evaluation for the bended elements. Basing on é¢search results the most
important measurement error sources were identified

2. The working principle of the V-probes

2.1. Mathematical model of measurement arm am equged with V-probe

The V-probe is equipped with two laser systems isting of laser beam
emitter and the detector (Fig. 4). The design patars of the V-probe are: the
distanceS of the beams intersection point from the lasttj@hthe measuring
arm and the angle. The orientation of the probe is characterizedhgyvector
of its axis (in the probe coordinate system [0, 0, 1]) and the normal vector of
the beams plane (in the probe coordinate systenil, 0, 0]). The directional
vectors for particular beams in the probe coordirsgtstem arew; = [0, cos,
sina], w, = [0, cost, —sir].

z
wn
Beam
Beam emitte emitter
9,
Laser bean Yy
Detector Detector

Fig. 1. Scheme of the V-probe with the design patansS anda

The proper model enabling calculation of the positind orientation of the
probe during the probing in the measuring arm coatd system is based on
the forward kinematics model (Fig. 5) using Dendddirtenberg convention
(Eq. 1) [14-17].

A single joint’s pose matrix takes form:
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cos8) -sifq) cofa)  sitg) skm) | ofd)
A =|Sin(@) cod@) cofa) - cddl) sfm) I f#)
' 0 sin(a;) cofa,) K

0 0 0 1

(1)
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Fig. 5. Kinematic model of measuring arm used li@rmeasuring errors analysis
of bended elements

The V-probe position and orientation is given ie {D-H model matrixT
(required for the simulation) resulting from thénjs’ matrixes [18-20]:

T=A-...- A, )

The coordinates of the probe’s characteristic p@b#ams’ intersection
point for the V-probe) are given in the elemenhtg T4, T34, and the orientation
of the probe (the axes’ direction vectors) are wgive the following elements:
x axis vector —Tu1, T2, Ta1), Y axis vector =12, T2, T32), Z axis vector — s,
T231 T33)-

The V-Probe generates the measuring signals whéchexer of the laser
beams is interrupted and also when a beam recantnieet emitter and the
detector. In the same moment the software rectr@gpaosition and orientation
of the probe as well as the number of the beamiwiémerated the signal.

2.2. The measurement algorithms

The used algorithms are not published but it isi@ that during the
movement of the probe in relation to the measutethent (both towards the
element and back) the following situations conseelyt take place (Fig. 6):
both detectors are lit — one detector is lit — nohehe detectors is lit — one
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detector is lit — both detectors are lit (the retarove starts here) — one detector
is lit — none of the detectors is lit — one deteasolit and again both detectors
are lit.

During the measurement of the particular bendetheh¢ axis points the
user is asked to align the probe perpendicularlyht axis of the measured
element and to lead the probe along a straight éind not to change its
orientation (Fig. 6a). Additionally, to determingetposition of the element end
points it is necessary to move the probe to thmetd end while preserving its
proper orientation in regard to the element axie fteams plane perpendicular
to the element axis) (Fig. 6b). The precise fulfdl those requirements is of
course impossible. Further, the influence of thattee measurement uncertainty
will be discussed.

a) | b) | ‘ |

(3
ol

Fig. 6. Relative position and orientation of thelygo

and the bended element during: a) measuremene @bxiis
point, b) determination of the element endpoint

Algorithm 1. Calculation of the coordinates of oneaxis point using
minimum amount of data. If we assume that the V-probe can be moved exactly
along straight line in plane perpendicular to tkis ®f the element and that the
element diameter is known (the diameter of the omedselement is input by the
user prior the measurement) than to determine dbednates of goint of the
element axisit is enough to move the probe until sequentibliyh beams are
disturbed. The axis point coordinates are calcdlftem the intersection of the
two straight lines parallel to the laser beams stnifted in the beams plane (in
appropriate direction) by the value of the elemetius (Fig. 7a). It can be
proved that a possible rotation (during the measarg) of the probe around the
element axis does not introduce any error (Fig. The incorrect value of the
diameter, or moving the probe without maintainihg perpendicular orientation
of the beams plane in regard to the element aassjlts the measured element
position error in the probing direction.

Taking into account the fact that the V-probe ismoved in one plane, the
mentioned straight lines also are not lying in g@ame plane, therefore to



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Algorithms for measurement of bended elements ... 125

calculate the axis point it is necessary to cateula projection plane (an
approximation of the plane perpendicular to thenelat's axis) on which the
axis point is to be calculated from the projectedight lines.

The accuracy of the measurement with the V-prohiefisenced, among
others, by the real value of the measured elemanteder (which is inputted by
the user) and the real orientation of the prob#ef@ince to perpendicular) in
relation to the element axis (Fig. 8).

Fig. 7. The algorithm of determination of elemendi&s point on the

basis of the known element radiRsand the measuring signals generated

by interrupting the 2 laser beams: a) interruptafnthe first beam,
b) interruption of the second beam

Fig. 8. Explanation of the measurement error s@ir@gincorrect value
of the element diameter, b) tilt of the V-probergan relation to the element axis

If you take a close looks at the Fig. 8 it may sélean if the real diameter of
the element is different from the value input te floftware or the V-probe plate is
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not perpendicular to the element’s axis than thasmed point of the axis will be
shifted in relation to the real axis point.

Algorithm 2. Possibility of compensating the errors which are
characteristic for the algorithm 1. In the full movement sequence in one direction
the axis point can be calculated twice and its dioates can be calculated as an
average of the two recorded points. In the com@etpience “there-and-back” the
axis point can be calculated 4 times and as tlaef@sult the average from 4 results
IS taken what additionally improves the accuracy.

Algorithm 3. Calculating the parameters of the straght fragment of the
bended element.Using the algorithm 1 or 2 the straight fragmenh dze
calculated in the next step as a straight line ttoaed from two or more points.
There is a possibility to determine the straighgfment in one step by solving
a 3D task.

Due to the fact that the measurements are cartieth@ sections one gets,
respectively to the chosen precision, eight oregrt lines tangential to the
element with given diameter. The determination loé taxis of a straight
fragment of a bended element involves solving ef fibllowing mathematical
problem: find a straight line which is apart froach of the 8 or 16 straight lines
by approximately the same distance (radius of ka@ent).

The distanced between a straight link defined by the poinK and the
vector u and the straight liné defined by a poinL and a vectow can be
expressed by following formula:

| K-L Eﬂuxv)|
T ?

Unknown parameters andv of the straight liné representing the straight
segment of the bended element axis can be calduigteninimising the sum of
squares of distances of 8 (or 16) straight ligéiom the lind (Fig. 9):
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Fig. 9. lllustration for the formulae (3 and 4).evi

of the measurement results (tangential straight

lines) for one measuring section in case of “single
precision” measuring mode

Thanks to the known parameters of the V-probe lfgems angle and the
normal vector of the beams plane), the straigheslik can be defined by
indications of the articulated arm encoders andweobe characteristic points
Ki (the intersection of the beams) and the V-probénitien vectors (the
directions of the beams) in the moment of genegdtie measuring signals.

3. Calculating the profile any surface deviation

The following algorithm (incorrect in the authorspinion) is most often
used for measurement of bended elements. Afterrrdieting the straight
segments of the bended element axis the intersegi@ints of particular
segments are calculated. Because the real axée d@traight segments do not
intersect (do not lie in the same plane) the saoftvadgorithms as the result of
the intersection usually give the middle point leé shortest line connecting the
axes.

In order to determine the end-points of the meakalement it is necessary
move the V-probe towards the end-faces of the alérfadong the element’s
axis) in order the beams intersect the end-fa¢ckeobended element.

Authors propose the following algorithm (Fig. 10):

* measure the straight segments axes according @dgbrithm 3 described
above,

« calculate the pointgy; (i = 1 ... 2;j — depending on the number of the
straight segments) of axis near the ends of tleégstr segments of the bended
element (near the probing sections),

A12

};\_?ﬂ P2
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Fig. 10. The graphical explanation of the deviatialculation algorithm

« find a coordinate-system-transformation matrixutédsg from the best fit
of the point set; to the nominal axis of the bended element defingdhe
characteristic points, wherein the fitting criterishall be sum of squares of
distances between the poin; and the straight lines defined by the
neighbouring characteristic poirRsandP;,:

~ min (5)

by =(z —2a5) (xp(j+l) —xpj)—(xpj — X ) (zp(j+l) —zpj) (6)

G =(ij _XAij) (yP(j+l) _yPi)_(yPi - yAiJ) (XP(J'+1) _XPi)

7= (Xp(m) ~ Xpj )2 + (yP(j+1) ~Yp )2 * (ZP(1+1) ~Zn )2 "

« calculate distanced; of all calculated axes’ points and the nominabaxi

la2 +b2 +¢2

« the profile any surface deviation can be calcdla® the doubled biggest
distanced;

A =20nax{d; ) (9)

» determine the coordinates of the end points amjeqr them onto the
nominal axis,

 as the deviation of position of the end points l{o treated roughly as
position of the end-faces) assume doubled valubeoflistance of these points to
their respective nominal position.

4. Concluding remarks
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The algorithms used in the software of the artimdameasuring arms
equipped with contactless tube inspection probepries) were presented.
Also a proposal of the algorithm for best-fit andmafacturing accuracy of the
bended tubes was presented for the case of pesfjlesurface tolerance without
a datum system. The algorithms are not publishedth®y producers but
awareness of them is necessary for assuming propasuring strategy and
proper interpretation of the results.

The accuracy testing of measuring arms equippetl Wiprobe needs
further development e.g. using Monte Carlo mettrsdbes of this type are used
more and more often especially for the elementsen@dsoft materials (e.g.
plastics), measurement of which with the use oftacinprobes is sometimes
impossible.
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