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Abstract. The increasing demand for products with high accuracy and geometric dimensional measures are required
high accuracy measurement system. Additionally, parts of complex geometry and free form parts have been a common
practice in industries such as. automotive, aeronautics, bioengineering, among others. It is necessary inspection
systems more accurate and flexible to meet these demands. The Coordinate Measuring Machines (CMMs) are an
important tool in the design, fabrication and inspection of manufactured products. These machines are used by the
engineer, whose main purpose is to produce an accurate digital model in a virtual space for later use in CAD / CAE /
CAM / CAIl. It is known, however, that the accuracy of the modeling process of a workpiece depends on the number of
points which are measured on the surface of the inspected part. Thus, CMMs which incorporated Laser system are the
best tool for reverse engineering process. However, this type of machine is very expensive. CMMs that use touch
trigger probe are less expensive but they require considerable time to get a lot of points. This paper present an
approach based on NURBS (Non-Uniform Rational B-Splines) for obtaining free form curves and surfaces from a set
of points (Xi, Vi, Zi) collected on the part to be measured. NURBS are an important mathematical tool and consist of
generalizations of Bezier curves and surfaces B-splines. The NURBS present many advantages, simplicity and facility
of data handling, which tends to minimize the problems of randomness and inaccuracy of the cloud of points obtained
by the CMM. Thus, the NURBS can contribute for modeling free-form curve and surfaces and is very useful in reverse
engineering applications. Simulations results showed the effective of the proposed approach. Additionally,
experimental results demonstrated that it is of practical use, non time consuming and an alternative way to apply
CMM s that incorporated touch trigger probe in modeling processes.
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1. INTRODUCTION

In general, inspection operations of workpieces pratiucts in the industries have become esseuntisddch the
quality and reliability. All of them can be done moually or by computerized machines. This last anenore used to
achievements more complex operations, which thewia carried out by a human being would meaneatgr use of
time and can occur various errors. Nowadays, strihgnspections and accurate are needed, mainiy whefers to
workpieces for been used in the aeronautical imghsstspace, medicine etc, and therefore, it isicened a major ally
to conduct inspections of complex surfaces, ther@inate Measuring Machines (CMMs), Silva (2009).t Noly
for the inspection the CMMs are used, but als@terse engineering, that consist to produce newpigces, products
or tools from existing components, Varadyal (1997). These machines are be able to measungea ttamber of
points that represents characteristics of comptewponents, often by performing a simple operat8itva (2002). The
CMMs contributions reduce inspection time and allasvto identify errors resulting the manufacturprgcess with
greater efficiency and speed.

Over the past few years has been developed sdeetaliques for acquisition three dimensional infation using
contact or non-contact measure sensor. The accimapgction has been widely developed in the iréhidield and,
actually, the survey that has been highlight isualbloe measurement of free surfaces and complgeshaccording Li
and Gu (2004) for measures of regular surfacesisheof the CMMSs’ touch trigger probe can reachdretsults like
tolerance and accuracy. In the other hand, theofis®on contact measurement technologies are widseéd as an
important tool for measuring free formats surfaceammplex ones.

Among different techniques for data acquisition,e tollowing can be highlighted: echos detection,
photogrammetry, laser, etc. A major disadvantagéhisf type of performing measurements is the hight of the
equipment, which makes it impossible for the adtjais of the majority of industries and/or compantbat work with
measurement technology. At the moment, what carebized in major of companies is the use of CMNshtact
probe due to its great versatility of operationd Enw cost when compared to non-contact measusiates.

Following the changes in the shapes of producttherenvironment metrological is not an easy taskjust use a
specific software like a tool for design. The madgican be considered as accurate and detailetinged the free and
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complex forms. These are considered free forms vhey are different from models with known char&stes and
geometry, for example, planes, circles, cylindets, Actually, CAD systems placed in most measuengipment
working to international standards for represeatwti graph, design and information exchange of ga@mmdata
processed by computer. The Coordinate MeasuringhMas have an own CAD that it are able to identifgualize
and interpret the data collected and thus chaliaetéknown geometries such as circles, cylinders, &or
measurements of regular surfaces with CMMs, thelteare obtained with narrow ranges of tolerara®s$ accuracy,
but for free form workpiece the inspections becanare complicated. For this reason there has bemedring the
number of searches for data acquisition of surfaffesomplex geometry using CMMs or some other eaipt.
According to Li and Gu (2004), It is considered @bex surface the format presented by piece andst ot the
features of known geometry, within the mathemataalysis, but defined by control points throughzig, B-spline,
NURBS (Non Uniform Rational B-splines) techniquets. The tool for reconstruction and acquisitiorsoiffaces used
in this paper was the NURBS, which it has greataathges such as simplicity and easy data manipuolati
representation of the analytical forms and freerfarprocessing time is fairly small, are generétizes of Bélzier and
B-splines curves and surfaces, can represent canspigpes with few data, (Piegl, 1997, Aquino e @knw, 2003,
Minneto, 2003).

Then, this paper aimed to present the resultsnaéthhodology associated with the use of the NURBS tonodeling
a free-form surface, i.e., with no know geometng #éhe use of CMMs’ touch trigger probe in ordenteet the design
specifications for inspection and reverse engimgeri

2. CURVES AND SUFACES NURBS

Although B-spline are widely used in curves desiey cannot represent curves of simple shapén,the case of
circles. Therefore, to represent shapes such @sgirllipses, etc., it is necessary an extersidisplines curves. For
solving these problems is necessary to generaligpliBe curves using rational homogeneous cooréinathich it is
called Non-Uniform Rational B-splines, NURBS, Mitwe{2003).

Mathematically, a NURBS curve of n degrees candfmed by Eq. (1) below,

n

c@pwy coma< u <b "

n

N, U}z,

i=0

Where{P;} are the control points of the cur@; ;} are the B-spline basic functions of p degree awti esal value
®; is a weigth associated of the control pdtntlt is known that rational functions are defingdHy. (2),

Njyp(u)a)j

j=0

u)= M ®)

Therefore, from Eq. (1) and (2), the equation efMURBS curve can be represented by Eq. (3) below.

C(u):zn:Ri'p(u)p, coma< u <b (3)

|
i=0
According Piegl (1997) an elegant way to represerdtional curve or surface by using coordinatecfions are
using homogeneous coordinates that facilities trapression of the stored data and computationalgssing. In the

three-dimensional Euclidean space the coordinaese defined aB = (x,y,2), but the space where the coordinates are
homogeneous, see Fig. 1, they are being written as:

P™ = (wx, wy, Wz, W) “)
Wherew are the weights.

In this case, for the NURBS definition is necesdarkeep the control point as a column vector, temitwith four
components, as shown in Eq. (5) below:

R™ = (wx, Wy, wz,w) (5)
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(X,Y,w)

X Y
Figurel. Representation of points in Hledin space to homogeneous coordinates

The representation of NURBS curves is very simiiih the development of parametric representatioNldRBS
curves. Considering a NURBS surfacepflegree in directiom and g degree in directiow is defined by a two-
dimensional system of control poin; with their respective weights;; and B-spline basic functions. The general
expression to represent a NURBS surface is giveladhy(6),

;Z:(;Ni,p(u)Nj,q(v)a)l,jPi,j , 0 < u LV < b (6)
s(u,v) ==
ZNi,p(u)Nj,q(V)a)l i

The major of the operations to be done on thesic@s can occur first in one direction, obtaininguave as a
result and then do them in the other directionrabyg reducing the complexity of working directlytivithe surface
studied. The Eq. (6) can be rewritten as follows:

suv)=Y 3R, WvR, @

Where,
R,j (U,V) = I\llqi'prsu)Ni,q (u)a‘i,j .
;; R, V)R,

s°(uv)= 2 3N (N ()R (©)

3. GENERATION OF CURVES AND SURFACES USING NURBS

With the competition between industries, the praslwdfered tend to have several characteristicatti@ct new
customers, with no loss of functionality, qualitpdacost. Thus, the shapes and designs of the pmoduch as
automotive, aeronautical etc, tends to be innoeativith complex geometrical shapes and high efiiwye Following
the changes in the shapes of products on the eme@nt metrological is not an easy task, it must aisspecific
software like a tool for design. The modeling candonsidered an accurate and detailed creatioreefdnd complex
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forms. These are considered free forms when theyliffierent from models with known characteristicgl geometry,
for example, planes, circles, cylinders, etc.

This work made use of a MATLAB toolbox to represshapes and surfaces of various geometries. THieotoo
used is not inserted into the commercial package M¥B, but it was developed by Zang (2006) and et download
to use in the Matlab Central site for download. sTtoolbox was used for the treatment of the simedigboints
generated using analytical equations to obtainesuand surfaces known as well as tools used irexperimental
producing in this paper. This toolbox was usedtfeatment of simulated points generated using &nalyequations to
obtain curves and surfaces known as well as towsaperimental procedure used in this work.

The methodology for the generation and acquisibibourves and surfaces was developed by Silva (2011

3.1. Development for construction of a known geomst surface using NURBS

In this work, for generate the 3D surface was wsestcond order model. That one was used by SiR@2)2 as
show below,

z=-46-31x- 28y +14x* - 25y* + 09xy (10

Using Eq. 10, the points coordinates was calcultdegbnerate the NURBS surface and was assigntg: taxes x
and y values ranging from -1 to 1, spaced at 0.25 im,

Coordinates x: [-1, -0.75, -0.5, -0.25, 0, 0.25, 0.75, 1] (1)
Coordinates y: [-1, -0.75, -0.5, -0.25, 0, 0.25, 0.75, 1]

Substituting these values in Eq. (10), it was redcthe following value matrix of z, for each copesding pair
(x,y), as show below.

z(-1,1) ...z(1,1)
z(x,y) =|:
z(-1,-1)...z(1,-1)

(12)

The values for Eq. (12) are:

[-6,900 -6,281 -5,975 -5,981 -6,300 -6,931 - 7,875 -9,131 -10,700]
-6,513 -5,950 -5,700 -5,763 -6,138 -6,825 -7,825 -9,138 -10,763
-5,950-5,444 -5,250 -5,369 -5,800 -6,544 -7,600 -8,969 -10,650
-5,213 -4,763 -4,625 -4,800-5,288 -6,088 -7,200 -8,625 -10,363 (13)

z(x,y) =|-4,300 -3,906 -3,825 -4,056 -4,600 -5,456 -6,625 -8,106 -9,900

-3,213 -2,875 -2,850 -3,138 -3,738 -4,650 -5,875 -7,413 -9,263

-1,950 -1,669 -1,700 -2,044 -2,700 -3,669 -4,950 -6,544 -8,450

-0,513 -0,288 -0,375 -0,775 -1,488 -2,513 -3,850 -5,500 -7,463

| 1,100 1,269 1,125 0,669 -0,100 -1,181 -2,575 -4,281 -6,300

The input data to obtain the surface are the coptimts, Piegl (1997), in this case corresponth&point obtained
from Eq. (10). From Eq. (5), the the input coordésafor the procedure becomes,

)(l...)(sl

coordinates=| Tt Yo (14)
22,
1...1

As the control points (coordinated points), othmgut data for construction a NURBS surface is thetkector. A
knot vector non-uniform, can be defined as a nacreese sequence of real numbers as shown below,
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u={a,..a,..,Upp1,b,..,0} (15)
ptl p+l
In other words u={ 0, ...,0, ..., Unp1,1,..,1}, wherea=0,b= 1epis the function degree.

Les Piegl (1997) mentions that for the constructbman unknown curve or surface, a 3 degree fundfo=3) can
have a good modeling. Therefore, this study hag @igections of degree 3 to represent the most aé¥ere forms.
Thus, the knot vector adopted to obtain the curae,w

u={00000.150.25050.750.8511 1 1}; (16)
v={00000.150.25050.750.851111};

The Fig. 2 presents in the same graphic ambiertdahstruction of NURBS analytical surface.
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Figure 2. Analytical surface x NURBS surface reprgation

The matrix below present the error matrix obtaifiexin difference between the points measured by dinate
Measuring Machine and the points obtained by the alsNURBS tools, and the matrix values are exgess
millimeters.

[0,000 0,076 0,054 0,053 0,065 0,053 0,055 0,079 0,000]
0,040 0,035 0,013 0,011 0,024 0,013 0,009 0,037 0,042
0,030 0,043 0,024 0,024 0,035 0,026 0,025 0,047 0,030
0,030 0,046 0,025 0,023 0,035 0,024 0,028 0,046 0,030 (17)
Error=|0,036 0,038 0,017 0,017 0,029 0,017 0,016 0,041 0,036
0,030 0,042 0,022 0,023 0,035 0,023 0,026 0,043 0,030
0,031 0,048 0,022 0,020 0,036 0,023 0,024 0,051 0,031
0,046 0,028 0,009 0,010 0,021 0,014 0,005 0,035 0,045
10,0000,074 0,053 0,053 0,065 0,053 0,055 0,079 0,000

Analyzing all values presented in the differencedrim among the measured points and those obtdipedURBS,
it was detected that the values found are in thgeaf the O um and 100 um. The ISO 10.360 dicthiesange of
accuracy of the measuring equipment, including @Ms. For the case of equipment with CMM Laser hethese
one have measuring accuracy ranging from 20 un@@oudm, such as manufactures (Metris, 2011).

3.2. Generation of an Airplane Wing surface using NRBS

Also, an experimental procedure was realized tdfyvéne effectiveness of the developed methodolbgySilva
(2011). This experiment consisted in obtaining sheface profile of a miniature model airplane wi¢G. The wing
profile was divided in order to build a 8 x 8 matd total of 64 points collected. Planning / stggteassembling and
fixing the model and performing the measuremeneragons took about 4 hours. To perform the datkecion was
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not necessary to offset an additional task of ttube, i.e., moves to change angles and rotatiome wat used. The
measurement procedure started with the manuahgetto determining the coordinates system to bkzeshlater the
automatic setting. The measurement sequence hyrte started from wing base to the extremity. Flgg 3 shows a
measurement sequence used in this process.

Points’ collection start

Direction of the
collection

Points’ collection end

Figure 3. Direction of the points collection usgddrobe

The sequence to collect points used by machineinviiee following directiondA - B, C - D, and endingE.
According to the sequence of sampling points eisfaéd by Fig. 3 (from A to E), it is presented belihe matrix for
each coordinates found on any surface measured.

The X coordinates measured were:

34,973 -43,701 -48,276 -51,665 -56,1%l,517 -72,469 -78,405
-42,169 -47,652 -51,931 -55,2189,815 -64,683 -73,811 -79,283
-47,699 -52,907 -56,973 ;302 -64,427 -67,729 -76,55282,368 (18)
X _|-53539 59,551 -62,176 -64,713 -68,902,415 -80,813 -86,088
MEASURED | 59212 -64,562 -67,610 -69,597 -73,763,569 -85537 -90,337
65,488 -69,540 -72,724 -75,307 -78,6&2,373 -90,474 -93,594
77,015 -80,359 -82,345 -85,20487,243 -90,473 -98,270 -100,64
|-82,496 -86,271 -88,270 -93,090 -96,388,929 -101,542 -1(6B2 |

The Y coordinates measured were:
[-12,060 -12,109 -12,298 -12,2041,866 -12,568 -12,100 -12,3}

-20,516 -19,071 -18,606 -18,3628,033 -17,601 -17,965 -17,2
-28,937 -27,280 -26,959 204 -26,405 -26,168 -25510 (4B
v _| 37,259 -35689 -35100 -34,9134,600 -34,340 -33,177 -32,67
MEAURED 1 45108 -44,638 -44,408 -43,898 -43,592833 -43,263 -42,833
53,651 52,477 -52,996 -52,6262,398 -52,300 -52,230 -52,22
-69,381 -68,807 -68,763 -68,8488,697 -68,457 -67,778 -67,49
|-76,457 -78,257 -78,697 -78,503 -77,9417,842 -76,310 -74,87]

(19)

The Z coordinates measured were:
(0,567 2,176 2,430 2,43®511 1,896 0,887 -0,68

0,313 1,948 2390 2432,283 1839 0591 -1,61
0,122 1,656 2,212 2,308,150 2,071 0,947 -0,34%
7 - -0,434 1,782 2,109 2,190,288 2,130 1,044 -0,98
MEASRED | 0,459 1,575 2,072 2,253,342 2247 1,336 0,46¢
0,055 1,791 2,194 2,409 2541422, 1,483 0,399
1312 2177 2522 2,852,088 3204 2474 1,67}
11,388 2560 2,541 3,529 3,46800@ 2648 2,158 |

(20)
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For the construction of these surface was set etitmof degree 3. The knot vector chose was:

u={00000.20406081111} (21)
v={00000.20406081111}

The points found for the Z coordinates by the NURB& were:
[0,567 2,010 2,385 2,441 2,404 1,933 0,605 -0,659

0,395 1,822 2,309 2,387 2,262 0,669 0,400 -1,172
-0,1451,699 2,153 2,261 2,160 2,046 0,774 -0,739 (22)
, -0,3861,639 2,085 2,210 2,236 2,043 0,758 -0,647
NURES 1.03751,523 2,013 2,256 2,331 2,153 1,249 0,212
0,115 1,852 2,206 2,408 2,539 2,379 1,334 0,638
1,161 2,124 2,469 2,820 3,027 3,062 2,275 1,603
11,388 2,451 2,555 2,555 3,387 3,359 2,681 2,158 |

The Fig. 4 shows the modeling surface using NUR&Bst

Z [1nm]

oM E o

Figure 4. Wing surface obtained using NURBS

Based on corresponding X, y and z values measiineds calculated the difference between the zdioate points
measured and the values for that coordinate oltdilyeNURBS. From these values was created an ematrix for
further analysis of these parameters. The followdag be seen the error matrix in which its valuesexpressed in

millimeters.

(0,000 0,165 0,045 -0,011 0,106 -0,037 0,281 0,00Q
-0,106 0,126 0,081 0,046 0,021 0,015 0,149 0,446
0,023 -0,043 0,054 0,043-0,010 0,024 0,173 0,393 (23)
-0,0480,143 0,024 -0,020 0,047 0,087 0,286 0,333
-0,0830,050 0,058 -0,003 0,011 0,093 0,086 0,251
-0,060-0,061 -0,012 0,001 0,002 0,043 0,148 -0,238
0,150 0,053 0,054 0,032 0,060 0,141 0,199 0,072
10,000 0,109 -0,013 -0,014 0,142 0,109 -0,033 0,000

Error=

The Fig. 5 shows the error found and distributedhenfull surface, as shown in the error matrix.

ERROR [micrometer]

T [m]
Figure 5. Distribution of errors found in the eatlength of the plane's wing
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Analyzing the error matrix obtained from the Z atioate measured by CMM and the Z coordinate obthine
NURBS, observe that most of the points are belo® ién. The distribution of values of the error matis the
difference between the Z coordinate measured bynthehine and its corresponding value found by NURBEtion,
following the sequence established by Fig. 3.

Two cases in this matrix can be seen: Approximatddes between 0 and 100 um in the first six ctdi@@oints,

complying the scanning direction (directioA - B, C - D, etc.) and the above values 100 pm, obtaining a
maximum value of 286 um, in more remote regionthefbeginning of the scans. Analyzing the resitlis,noticed the
need for more collection points on the right sifi¢he wing surface.

Table 1. Results obtained for the values used to fierm validation of the methodology applied in thewing

miniature
Xmeasured| Ymeasured] Zmeasured] Znurbs | Error (mm)
-66,442 -12,225 1,444 1,439 0,005
-70,260 -17,291 1,198 1,086 0,112
-73,194 -25,762 1,469 1,331 0,138
-76,559 -33,621 1,696 1,544 0,152
-80,966 -43,604 1,969 1,833 0,136
-86,179 -52,374 2,117 2,029 0,088
-94,507 -68,154 3,005 2,723 0,282
-98,929 -77,842 3,000 3,094 -0,094

Table 1 presents the results obtained with poittlesaused to perform validation of the developedhaodology.
The values found for the errors are around 100 paneanot typical one of 282 um. In addition, stuehs conducted to
verify the influence if the weights. The Fig. 6 glwthe point chosen to perform this analysis.

X [mm]

Y [mn]

Figure 6. Point chosen to verify the effect of weifunction

The first line of Fig. 6 was used to the constiarctof NURBS curve. It's representation is in T&b.The
errors value obtained in this generation, diffemiahe values found in the error matrix for the gration of NURBS
surface. For this situation (curves creation),ittfleience of the weights for the construction of RBIS curves are only
in one direction, i.e., the points over the rightldeft side of the point whose weight value israyed. In general, after
many manipulations in the values of the weight fims, a satisfactory solution was found. The negights is present
in Tab. 2. The Tab. 2 shows that the values ofetlners more discrepant after the weight changede wbout of 100
pm, showing a better result when compared to tkeltrebtained without changing the weights in thecpss of
obtaining the curve.
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Table 2. Comparative values for Z coordinates obtaied by CMM and NURBS to build the curve 1
corresponding to wing plane after the change of theveights

Analysis curves: Line 1
Coordinates /
Measured 1 2 3 4 5 6 7 8
Points
X -34,973 -43,701 -48,276 -51,665 -56,151 -61,51f -72,449 78,4050
Y -12,060 -12,109 -12,298 -12,204 -11,864 -12,56B -12,190 12,3740
Z 0,567 2,176 2,430 2,430 2,511 1,896 0,887 -0,6590
Weigths 1,000 1,000 1,000 1,000 1,000 1,000 1,00 1,000
Znurbs 0,567 2,306 2,475 2,416 2,523 1,897 1,13 -0,699
Error (mm) 0,000 -0,130 -0,045 0,014 -0,012 0,004 -0,248 0m
Change of the weights for coordinates points above
New weights| 1,000 1,000 1,000 1,005 0,950 1,018 0,98p 1,040
Znurbs 0,567 2,436 2,622 2,390 2,521 1,789 1,21 -0,699
Error (mm) 0,000 -0,130 -0,047 0,026 0,002 0,103 -0,084 amo

The Figure 7 presents the NURBS curve with entiout the change of the weights for line 1.

-35

45

Weight changed
Unit Weight

Figure 7. NURBS curve obtained for the line 1 watid without weight changes

The values of weights was choose randomly and senke to illustrate the importance of the studysufrface
modeling. It is intended in future to develop agoaithm to find the best values for the weights feany different
shapes and geometries.

4. CONCLUSION

This article aimed to present the results obtaiguerimentally with a Coordinate Measurement Maghising a
touch trigger probe sensor. The first part condistean examination to verify the simulation methodhe build curves
and surfaces using NURBS developed by Silva (20Ihg experimental work consisted to obtain a mogebf a
curve of a miniature model of a wing plane (MIGQ)isl important highlight that the accurate of laseanning system,
supplied by manufacturers vary from 20 to 100 pat the methodology proposed in this papar wasieffic The
results found for the difference between the measoints and the NURBS points varied from 0 to @0 in the
most of the wing. The results, however, also shothecheed for more collection points in the rigégion of the plane,
taking as base the scanning direction, where tterseshowed was 286 pm. The results obtained shoeedffective
of the proposed approach.
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