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Abstract. The aeronautic industries are researching autooratechnologies for the manufacturing process based
COTS (commercial off-the-shelf) industrial robofse bottleneck of this research is the fact thatabcuracy of the
industrial robots does not meet the requirementhefaeronautic sector. Some works have develdpegddssibility to
increase the accuracy of industrial robots basededher a vision system, a high volume measuresysiem or a
customized design measurement system.

An end-effector that performs multiple operatigsis;h as drilling, sealing and fastening was devetbim order to
automate the assembly process of two circular &gseebarrels. To accomplish those tasks within ariee, a vision
system corrects the position and a perpendiculamigasurement system measures angular deviaticrsién to
ensure normality between the end-effector andubeldge.

This work presents the integration of a perpendidty measurement system with an industrial rokadad on two
different correction approaches: (1) the absolutetimod measures the angular deviation and sendslavegiable to
the robot in order to reorient the end-effector) {@e incremental method checks if the end-effeteets the
tolerances; if not, the perpendicularity measuretrsyistem sends a boolean variable to the robatdoement or
decrement the actual orientation.

Keywords: airplane manufacturing automatiomdustrial robots, null measurement method, absoh#gasurement
method, incremental measurement method.

1. INTRODUCTION

The industrial robots are frequently used and Haeen boosted by the automotive industry (Holland hiof,
1999). However, traditionally, most of the assendattivities of an aircraft are performed manuatlgcause the robots
cannot reach the tolerances used on the aeromadtistries (Summers, 2005).

Typically, most part of the aircraft assembly aitids are performed manually, sometimes by a cugkngantry
robot. According to Kihiman (2005), a gantry maehaosts can reach 200 times the costs of an inaustbot.

Airplanes manufacturing automation by industr@ats has been studied by the main companiesns$tarice, the
development of end effectors for the structuresmabdy processes by Dassault (Costa, 1996), Airkleebaur, 2006),
Boeing (Devlieg and Feikert, 2008) and Embraer R§n2010). The prototypes developed in those mapersent
some solutions to the robot accuracy problem.

Vision systems are already used on robots to cotieclinear positions (Hutchinson, Hager and Cpill@96). But
the orientation correction made by a single canmnsot trivial, because, according to Meng and Zigué2007), is
necessary a chess texture painted on the surface.

Mostly, vision systems increments or decrementgabet position based on a reference point prelyouesad. To
measure the absolute position of the last rob&tiimecessary a high volume measurement systemmin and Loser
(2003) use a Laser Tracker as a feedback measuresystem for robots position while Summers (2005¢sua
photogrammetric measurement system. Villani e28lL0) done a metrological evaluation of an indaktrdbot for
aircraft structural assembly using an indoor GR$ameasurement system based on photogrammetry.

Cibiel and Prat (2006) and Devlieg and Feikert @068eveloped end-effectors with different perpenldidgty
measurement systems. They studied the drillingge®@nd realized that is necessary to drive thet obtouch the
fuselage to prevent chips formation between thelage plates and avoid vibrations. This touch ptaoe is named
clamp and they used a mechanical systems conteokdhch force and adapt and measure the normaligylar
deviation on a fuselage surface.

The Brazilian aircraft industry is ranked third time world market for commercial aircrafts, accogdio the last
ABDI (2010) report. The manufacturing processesm@ation is a key factor for maintaining this pasitin the world
aviation marked. It is essential for improving thelity of the product, reducing costs and produrctimes.

Since from 2009, ITAl@stituto Tecnoldgico de Aeronautjchas developing a project, named AMEI{omacao da
Montagem Estruturd) about the automation of the fuselage assemldggss using industrial robots, supported by
FINEP (a Brazilian governmental agency) and byBtezilian aeronautic industry (Furtado and Cat#2al,0).

The AME Project aims to develop national technolégyythe aircraft structure assembly processesnaation and
includes the design and construction of a new rofith different kinematics concepts for the fuselaglign, the
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developing strategies for metrology and machinificha@es and construction of a multifunctional erifbetor for
drilling, sealing and fastening named EFIP (Ran2@10).

EFIP, stands foEfetuador de Furacdo e Insersor de Prendedonegds to be able to correct the linear and angula
deviations and improve the industrial robot accyrathe position measurement uses a vision systeiite vthe
orientation measurement uses a customized solufiois. work is about the integration of the EFIPgesdicularity
measurement system with the robot and presenteshits of a comparison between two different aiive methods.

2. THE PERPENDICULARITY MEASUREMENT SYSTEM

It is important to measure and correct the angidgaration of EFIP relative to the fuselage surfecerder to drill a
hole that meets the tolerances of perpendiculaffiyitado, Villani and Sutério (2009) presents aigieof a
perpendicularity measurement system based on titkestof Cibiel and Prat (2006) and Devlieg andk&ii(2008)
about the angular measurement system for robotse#actors on a fuselage surface. This measureragstem
calibration and validation was presented by Furtaéani and Sutério (2010). Figure 1 (detail aggent the back side
of the designed perpendicularity measurement syatairdetail b shows the front.

Figure 1 - Perpendicularity measurement systenFfP EFurtado, Villani, Sutério, 2009).

In the Figure 1 there are four distance sensoly {hat measure the displacement of a customizdidirspherical
plain bearing (b.1) when the front part (b.2) totieh fuselage surface. The method of measuremeseanhs based on
the position measurement of a plate border (a.gitipa by four sensors.

These sensors calculate the rotation of a plammeid on the plate (a.2) surface, in the X and Zdxg anda v).
The angular measurement uncertainty is shown ideThbFor details, see the paper published by Bartillani and
Sutério (2010).

Table 1 - Uncertainty of angular measurement.

Angles less than 1 Angles less than (2°

o x oy o x oy
0,060° 0,046° | 0,157° | 0,180°

The tolerances of the aeronautic industry aboupthrpendicularity of the holes is about 0,5°. &5 measurement
system fits to the tolerance needs, because thertant of angular measurements for angles less thes about 10
times better than the tolerance.

The objective of this paper is present the conolusif this project development with the integratiohthe
measurement system and the robot based in tworettfeorientation correction methods. To accomptisis main
objective, some goals are listed below:

- Describe the methods of integration and correction;
- Develop the EFIP and the robot software;

- Run experiments;

- Analyze and discuss the results.
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3. INTEGRATION AND CORRECTION APPROACHES

Two different approaches are proposed for giragon between the robot and EFIP for adioa of
perpendicularity deviations: the absolute methadi the null method. According to Doebelin (2004% thull method is
more accurate and free from calibration, but issimov to be used in application that changes thasomand values all
the time. The maximum range that the perpendidylayistem can measure with good accuracy is 2°.

3.1. The absolute method
When the measurement system touch the fuselag&RHe software calculates the angular deviatioX iand Y

axes. The value is send, by an OPC network, thalangalue (real variable) to the robot, that rentithe end-effector
to meets the tolerance. Figure 2 present the flavadf this method.

Measur o /lo. = Angular perpendicularity deviation

Decrement 2°
on the robot
orientatior

RO=RO-« Measurex

ets

/IRO = Robot Orientation

Increment 2° o
the robot
orientatior

Figure 2 - Absolute correction method flowchart.
3.2. The null method
The null method is based on the increment of tlh@troriginal orientation if the angular perpendanitly deviation

does not meet the tolerance. To start the ori@mtaticrement or decrement is necessary a booledabia different
than absolute method that sends a real varialtleetoobot by an OPC network. A flowchart of thistheal is show in

Figure 3.

> P Measurex |/l = Angular perpendicularity deviation

RO =RO - Inc ves o > Tolerance
/IRO = Robot Orientation

/lInc = Increment

Ye

S
RO = RO + Ind| o < Tolerance

//IRO = Robot Orientation
/lInc = Increment

Figure 3 - Null correction method flowchart.
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4. EXPERIMENTS AND DISCUSSION

From previous experiments, it was verified thategally, the errors of perpendicularity using thbagbdoes not
exceed 1° and rarely exceed 2°. Therefore, to atalthe time and accuracy of the EFIP convergeheerobot was
programmed with angular deviation of 2° (worst ¢aseseveral different configurations.

The figure shows a Cartesian system representsgthnd Y axes of the EFIP plane and the Z axisshauld be
perpendicular to the fuselage.

»
L

» X

Figure 4 - Orientation configuration of the robot.

To generate different settings of the robot origota the anglexr was set at 2° and the an@lewhich represents a
rotation around of the Z axis, was varied in st@fp45 °. With this criterion is possible eight @ifént orientation of the
robot, shown in Table 2. Two corrections were panfed for each position of the Table 2, totaling d®asurements
for each method.

Table 2 - Orientation possibilities for the robot.

B Ox Oy
0° +2° 0°
45° +2° +2°
90° 0° +2°
135° -2° +2°

180° -2° 0°
225° -2° -2°
270° 0° -2°
315° +2° -2°

4.1. Results of the absolute correction method

The following graphs represent time (horizontalylanvalues (vertical). The tolerance used in thgpss is 0.3°.
The results of the experiments is presented belpwflgraphs that show the value of the angle betvibe EFIP the
table, whereas 0 ° represents EFIP totally perpefati. These angles were measured every 100mgeFigand Figure
6 present the absolut correction method.
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Figure 5 — Absolute correction method results (¥)ax
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Figure 6 - Absolute correction method results (¥sax
4.2. Results of the null correction method

Figure 7 and Figure 8 present the graph of convexgdo tolerance done by the null correction methidue
tolerance used in this process was also 0.3°.
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Figure 7 — Null correction method results (X axis).
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Figure 8 — Null correction method results (Y axis).
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4.3. Discussion and methods comparison

Both methods proved satisfactory for convergendieaolerance specified. However, absolute caoeanethod
did converge EFIP for perpendicularity in an averdigne of 3,5s, while incremental correction methodde the
correction around 18s.

According to Doebelin (2004), a longer time for remtion was expected in null method. But five tin@sg than
the absolute method was unexpected.

It was noted a delay between EFIPsoftware anddhetrsoftware of about 4s when null method was uSet:
justification for this delay is that the null methonust to be written continuously on the robot dmat might have
overloaded transmission of information across #tavark.

5. CONCLUSION

The perpendicularity measurement system can bgrated to an industrial robot and both proposechous can
be implemented in the EFIP controller. The absoldgection method is faster, however, incrementatection
method tends to be more accurate.

Both methods were tested with angular deviatioralodut 2° in both axis X and Y. However, visualliese
deviations are large and in a real production meagould probably not be achieved. It is estimdted the largest
angular EFIP that will have to correct is aboubf fess.

There was some delay in timing between the vargalsient and received by the EFIP and the robot. With
improvements in network devices between the twolptime could be decresed.

Based on the results and the objective to insetP BR a production process, it is assumed thatathsolute
correction method is the best way to meet the melipalarity tolerance of the robot in relation teetfuselage, it is
fastest (approximately 3,5s) and can convergedgthscribed tolerance of 0,3 °.
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