Proceedings in
N MANUFACTURING
SyYsSTEMS

Proceedings in Manufacturing Systems, Volume Xkldsl, 2016,-38 ISSN 2067-9238

2 PhD Student, Assistant Prof., University of BettgaFaculty of Mechanical Engineering, Departmenroduction Engineering, Belgrade, Serbia
% Professor, PhD,Vienna University of Technology, gcof Mechanical and Industrial Engineering, Deqpeent for Interchangeable Manufactur-

PATH PLANNING FOR INSPECTION PRISMATIC PARTS ON CMM AS A PART OF

CYBER - PHYSICAL MANUFACTURING METROLOGY MODEL

Vidosav MAJSTOROVIC"", Slavenko STOJADINOVIC? Numan DURAKBASA?®
Y professor, PhD, University of Belgrade, Facultyeichanical Engineering, Department for ProducEngineering, Belgrade, Serbia

ing and Industrial Metrology, Vienna, Austria

Abstract: Cyber-Physical System (CPS) are systems of cobiingr computational entities which are in
intensive connection with the surrounding physiealld and its on-going processes, providing and us-
ing, at the same time, data-accessing and datagssing services available on the internet. Theresse
of this research is development Intelligent Modellhspection Planning (IMIP) on CMM as support of
Cyber-Physical Manufacturing Metrology Model ansliitetrology integration into coordinate measuring
machine (CMM) inspection process planning for pasmparts. Presented model is advanced feature-
based inspection approach, whose advantage isdnatéon the total measurement time by reducing the

time needed for the preparation of the measurenmsrdsallowed opportunities for its optimization ngpi
one of the methods such as swarm theory. Neededegical information for feature description is tak
en from files IGES and STL. Output from the IMIPa#nt-to-point measuring path without collision-be
tween measurement probe and prismatic part. Digtiim of measurement points for basic geometrical
features is performed on the base modifies Hamegsliaciple. The results of the inspection of bB#Ps
show that all tolerances are within the specifigditis. This confirms the efficiency of the propofeat
ture-based model in IMIP of PPs. The model is dsfigcsuitable for use in case of measuring path
planning for geometrically complex PPs with largenbers of tolerances.
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1. INTRODUCTION

Today's business structure is much more complex and
dynamic ever before because the market demandwof t
industry's rapid changes in new products, whiddirsct-
ly reflected in the factory. Digitalization and amfmation
technology (IT) provide new, unimagined possitet
engineers in the field of design and planning. Adog
[1-6] two approaches have led to two concepts since
emerged:

« digital factory and,
» digital manufacturing.

The goals that are put in front of digital factarigre
improve manufacturing technology, reduce costs, im-
prove quality of products and processes, and, &iser¢éhe
adaptability to the emerging requirements of custiem
and market [7].

Developing and implement "advanced manufactur-
ing" are a base for Cyber — Physical Manufacturing
Systems (CPMSs), will be to evolve along five pd#is
e On - demand manufacturing: fast change demand

from internet based customers requires mass-

customized products. The increasing trend to last-

* Corresponding author: Kraljice Marije 16, 1100@Igrade, Ser-
bia

Tel.: + 381 (0)11 33 02 407;

Fax: + 381 (0)11 33 70 364;

E-mail addressesidosav.majstorovic@sbb.(¥. Majstorovic),

minute purchases and online deals requires from
manufactures to be able to deliver products rapidly
and on-demand to customers. This will only be
achievable through flexible automation and effextiv
collaboration between suppliers and customers;
Optimal (and sustainable) manufacturing: produc-

ing products with superior quality, environmental
consciousness, high security and durability, compet
tively priced. Envisaging product lifecycle manage-
ment for optimal and interoperable product design,
including value added after-sales services and- take
back models;

Human - centric manufacturing: moving away
from a production-centric towards a human-centric
activity with great emphasis on generating corei@al
for humans and better integration with life, e.go-p
duction and cites. Future factories have to be more
accommodating towards the needs of the workforce
and facilitate real-time manufacturing based on ma-
chine data and simulation;

Innovative: from laboratory prototype to full scale
production — thereby giving competitors a chance to
overtake enterprises through speed;

Green: manufacturing 2020 needs focused initiatives
to reduce energy footprints on shop floors and in-
crease awareness of end-of-life (EoL) product use.
The digital manufacturing concept could address ma-

jority of the mentioned challenges, and it focusashe
improved automation and digitalization of the plizxgn
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design, manufacturing, inspection, management, and Yl egence of physical production and digital design

other activities in production system in a widentext. - Seamiessly Integrated business processes
The digital model of a product could be used tousate
and analyze the manufacturing processes, production Cyber Physical Systems
planning scenarios, as well as machining/tool path,
spection and resource utilization scenarios. * CHALLENGES

For a manufacturing system with typical machining et oty |
operations factory-wide knowledge integration regsli ) L Do vﬁﬁff'ck‘,'i‘iiSﬁ?.‘i;,f\iﬁ;“;ifs
an integrated CAD-CAPP-CAM-CNC-CAI and integra- 5‘ D ca@Ea, TRe”
tion with other production-related information sysis g";;;(w{_;"«-v% Embedded
such as: éc;:r:d M2M, loT
» enterprise resource planning (ERP),
* manufacturing execution system (MES), Digital Managerial Physical
» advanced planning and scheduling (APS), etc.

The essence of this research is development ntelli Fig. 1. CPSs - Basic facts [9].

gent Model for Inspection Planning (IMIP) on CMM as
support of Cyber-Physical Manufacturing Metrology product properties, costs, logistics, securityjalglity,
Model and its metrology integration into coordinate time, and sustainability considerations; (i) Res®
measuring machine (CMM) inspection process planningefficient production; and (iv) Tailored adjustmemtsthe
for prismatic parts. Presented model is advancatufe =~ human workforce so that the machine adapts to the h
— based inspection approach, whose advantageris-in man work cycle.
duction the total measurement time by reducingtithe This approach as a manufacturing revolution in germ
needed for the preparation of the measurements andf both innovation and cost and time savings are th
allowed opportunities for its optimization usingeonf  creation of a “bottom-up” manufacturing value creat
the methods swarm theory. Output from the IMIP is model whose networking capacity creates new andemor
point-to-point measuring path without collision ween  market opportunities.
measurement probe and prismatic part. CPM insists upon adaptability, flexibility, self-
The results of the inspection of both PPs by IMIP adaptability and learning characteristics, faulertance,
show that all tolerances are within the specifigoits. and risk management. High levels of automation came
This confirms the efficiency of the proposed featwr  standard in the smart factory - this being madesiptes
based model. The model is especially suitable $erin by a flexible network of CPSs based manufacturing
case of measuring path planning for geometricatijpc ~ Systems which, to a large extent, automaticallyesipe
plex PPs with large numbers of tolerances. manufacturing processes.

2. SMART MANUFACTURING THROUGH CPMS 3. INTELLIGENT MODEL FOR INSPECTION
PLANNING ON CMM AS PART OF CPM

2.1. Cyber-Physical Manufacturing Systems (CPMSSs) CONCEPT
Cyber-physical systems (CPSs) are enabling technol-
ogies which bring the virtual and physical worldgéth- The essence of this research is development Intelli

er to create a truly networked world in which itiggnt gent Model for Inspection Planning (IMIP) on CMM as
objects communicate and interact with each othgr [9 support of Cyber-Physical Manufacturing Metrology
Together with the internet and the data and sesvice Model.

available online, embedded systems join to formecyb The development IMIP for prismatic parts involve
physical systems. CPSs also are a paradigm frostiegyi  following activities: (i) development ontological
business and market models, as revolutionary neli-ap knowledge base presented in [12, 13]; (ii) local glob-
cations, service providers and value chains becomse  al inspection plan, and (iii) optimize path of massy

sible [10, 11]. sensor [14]. Output from the local and global irctjos
plan (LGIP) is initial measuring path. The firseglent
2.2. Smart factory LGIP’s is sampling strategy or model for the disfition

The merging of the virtual and the physical worlds of measuring points for basic geometric featured an
through CPSs and the resulting fusion of manufamgur second element define the principle for collisiomid-
processes and business processes are leadingyte wa ance between workpiece and measured probe. Both of
new industrial age best defined by the INDUSTRIE 4. the elements are base on proposed feature model.
project’s “smart factory” concept [11].

Smart factory manufacture brings with it numerous 3.1. Proposed feature — based model
advantages over conventional manufacture, as exampl The elements of feature — based model for path
[9-11]: (i) CPS— optimized manufacturing processes: planing are CAD modul, knowledge base, local and
smart factory “units” are able to determine anchtifg ~ global plan of inspection. Metrological recognitios
their field(s) of activity, configuration optionsid manu-  based on the IGES file and the parametric defirofg
facture conditions as well as communicate indepetiyle geometric feature¢12. The knowledge base defined
and wirelessly with other units; (ii) Optimized immlual ~ link between tolerance and geometric features by
customer product manufacturing via intelligent cdenp  metrological features[15, 14. The local plan of
tion of ideal production system which factors aatou inspection represents the distribution of measupioigts
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per geometric features. The global inspection jpdathe o m 27

plan of path sensors, presented with the local plash t =Rsin 5N . @)

algorithm for collision avoidance based on STL maxfe -

PP. W, :(Z([ﬂl\ﬁoo&} DZ“”)JEh, 3)
j=0

3.2. Path planning for prismatic parts where, s, t, w, correspondx,, y,, z respectively,

Sampling strategy h[mm — height of a cylinder,R[mm - radius of a
Sampling strategy is based on Hamersley's SeqUENCes .\ 2 dN — number of measuring points.
17] for the calculation of coordinates for two axesaof y gp
1[eature By modifying the Hamersley's sequences, we The distributions of measuring points based on sam-
define the distribution of measuring points for ibas glggarsetra:zggngstmgi fc;; parameters of cylindeig.(F
geometric features such as, plane, circle, cylindene, P 9-%
hemisphere, truncated cone and truncated hemiSpherE’rinci le for collision avoidance
Most often, these features are involved in creatibRP BaZed on STL model of PP geometry, the tolerances
tolerances. - ’
To define the distribution of measuring points gor ©f PP, the coordinates of the last oy, of the fea-
feature, the Descartes coordinates sys@mX_,Y_,Z, ture F1 and the coordinates of the first pdfyt , of the

is needed. The coordinates are denotef (.t ,w ). feature F2, the simplified principle of collisiomaidance
For example the equations for calculation of meagur is presented in Fig. 3.
point coordinates for cylinder are:
Algorithm for distribution of measuring points
-R co{ T_ 21 DD (1) Algorithm for distributions of measuring points is
presented across 13 (A13) steps and shown in Fig. 4

b)
|®
LTS
[ — q-——§
Legend: . 1 "/57 N
D - diameter of cylinder g 0.5 i ;( /:G §> |+
H - height of cylinder Rt 3 \&Z
N 0 B
n - normal vector of N Np>
cylinder -0.5 >4 . 0.5
n, - factor fullness 9
O(xoYyozo) - coordinates x,[mm] [mm]
of center ' 0.5 -0.5 “

Fig. 2. Cylinder:a — geometric parametets— distributions of measuring points.
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Fig. 3. The principle of collision avoidance.
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Fig. 4. Algorithm for distribution of measuring points.

Algorithm for collision avoidance

Algorithm for collision avoidance is presented &0
12 (A12) steps and shown in Fig. 5.

For each triangle in STL file, the belonging plane
equitation is formulated. If triangle vertexes &4, T,,
the procedure of formation of the plane is describg
the following equitation:

Ax+By+Cz+D=0 4)
and it begins with the formation of a normal vector
n=TT,xTT,= Ai+Bj+Ck, (5)
wherefrom the constants A, B, C and D could batide
fied. The next step is the formation of line eqtimta
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through two points?, . and,R, .., based on the vector
form of line equitation:

M =P+tp,
wheref)=@, I3=a?.

If an intersection between the line (6) and thenpla
(4) exists, then it is a poiRt(X,Y,7 ), wherej is the
number of intersection points.

Since ATT,T, is represented by a plane, and a line

(6)

segmentR, . P

Ng2)1

is represented as a part of a Imat
is necessary to check whether the intersectiort ggirs

placed at the line segmer®, B . and whether it

F2)l
belongs to the part of the plane limited W, T,T,. In

that case, to check whether the intersection paint
placed in the surface part that is limited by artgle.

\ The parameter § / @
[]

\  stLfile [/ (:)
L]

\ Points: P(Nu)n [)(N”)l /
Y
Next

triangle

'
7 Forming the line through

the points B, P

v
?

The first triangle
ATTT,

>

& ®

P

A

® @

iE RNHM (Np2 )1

N
P e ATTT,

yes

7
; =Z
’p( NFA1)1 Foneayt

PiNE2)1 PinEa)t

e N

Pl Pf

Points: AR

]
Forming the line p” through
A -

(Ng 1?

points: bor i

®®®

yes

Nga )l

Fig. 5. Algorithm for collision avoidance.
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If an intersection between a lipeand any of the tri-  20% shorter than the path obtained by on-line @nogr
angles from STL model exists, then using iterafive- ming on CMM ZEISS UMMS500, and minimum 10%
cedure the point?, ,P_;..;P_ ,P_are determined. shorter than the path obtained using CMM module in

, Pro/ENGINEER.
The difference between the next poIP(}tFl and the pre-

vious point R, _ is in the value of z-axis, i.e. the value of 4. EXPERIMENT

the correction paramet8fmm| . The correction parame- Experiment involves measurement of two PPs that
are produced for this research (Fig. 7). Testinghef
presented model is initially performed using theser
workpiece, i.e. prismatic part 1 (PP1). After threcess-
fully performed experiment on PP1, testing of theded

of this iterative procedure are the points forabhi IS performed on the second, more complex workpiece
prismatic part 2 (PP2).

ter is a constant for one PP. The procedure isatefde
until there are no remaining intersections betweadime

and triangles from STL model. The last poir%'Fl and
R
there is no collision during the measuring probesst
over.

For the example shown in Fig. 3, the algorithm for
collision avoidance (Fig. 5) performed three calimets

of z-coordinates and the pointgy , and F{ , are

adopted.

The reduction of a number of triangles in the algo-
rithm for collision avoidance results in a fastpesse, ..
i.e. the coordinates of points without collisiomdait smatic part
does not significantly affect the processing time.

3.3. Optimization measuring path by ACO

The optimization model is based on: (i) the mathe-
matical model that establishes an initial path @nésd
by the set of points with defined sequence of meagu
probe passes without collision, and (ii) the solutiof
travelling salesman problem (TSP) obtained using an
colony optimization (ACO) [14].

In order to solve TSP, ACO algorithm that aims to
find the shortest path of ant colony movement (e 7
optimized path) is applied. Then, the optimizedhpiat ,
compared with the executed path obtained by on-line™ "
programming on CMM ZEISS UMM500 and with the Fig. 7.MachiningPP No. 1 on CNC LOLA HMC 500.
measuring path obtained in CMM module for inspettio
in software Pro/ENGINEER (Fig. 6). Results of com-
parison between the optimized path and the other tw | CMM ZEISS
generated pats show that the optimized path isnuimi UMM 500

// ’4 ‘ﬁ‘\
b2l | N
_ 20 7 }?é.{_ uxfﬂ
S 131 \ o
1011
:‘ 1] gg J
0 L
-20 20
-10 10
X [mm] 10 10 y [mm]
20 -20 -

Legend: o ) Technical characteristics of CMM “ZEISS UMMS500”
Opilmlzed measuring path Number of axis: 3 (X,Y,Z) Resolution in [um]: 0.1
Pro/ENGINEER measuring path Measuring range in [mm]: 500x200x300  Software: ZEISS UMESS

. Automatic change of measur. sensor: yes  MPE in [um]: 0.4+L/600
—— CMM ZEISS UMMS500 on-line Max. weight of workpiece in [kg]: 150 Assurance in [pm]: 0,2

programmed measuring path
Fig. 8. Experimental setup for the measurement of prismati
Fig. 6. The comparisons three paths on the example ofdsi part No. 1 and part No. 2.
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Table 1
The results of measurement workpiece No. 1 and workgce No. 2 [18]
- Tolerances Measurements
g | N Name Label | Value 1. 2. 3. 4 5, | Deviation
in mm in um
1 | Flatness [Tl | 0,02 0,0005 0,0004 0,0005 0,0004 0,000 0,1
. 2 | Diameter 50| 0,1 50,0851 | 50,0855 50,0852 50,0856 50,0855 0,7
S 3 | Perpendicularity | [Lossd | 0,03 0,0014 0,0024 0,0023 0,002 0,002B 0,4
4 | Angle Cone:3 | +0,5 39,2991 | 39,2991 39,2995 39,2082 39,2991 0.5
5 | Parallelism o8 | 0,04 0,035 0,0346 0,035 0,0348 0,035 0,2
6 | Distance 70| %002 | 70,0111 | 70,0111 70,0112 700111  70,01p6 0.
~ 7 | cylindricity ATz | 0,02 0,0042 0,0043 0,0041 0,004 0,004]L 0.1
S 8 | Coaxiality 0,02 0,0068 0,008 0,008 0,0091] 0,0092 1
9 | Roundness [Ofp,03] | 0,03 0,0094 0,0092 0,0092 0,0101 0,0095 04
10 | Position BoneE 0,75 0,6471 0,6483 0,6414 0,6481 06424 32
In comparison to PP1, PP2 contains new types of tol ~ Journal of Manufacturing Systems, Vol.37, 2015,
erances that should be tested. Experimental sétupise pp. 517-527.

measurement of PP1 and PP2 are shown in Fig. 8. The!
measurement of both parts is performed in a single
clamp, and the measuring probe configurations ar%]
shown at the Fig. 8.

Experiment is performed on the coordinated measur-
ing machine ZEISS UMM 500.

In this experiment, the inspection process is com-[5]
posed of the preparation and measuring process.

The preparation process involves:

1) setting up the workpiece, with the analysisigf f
ture tools and accessories;

2) configuration of measuring probes;

3) calibration of measuring probes using calibratio
sphere;

4) alignment of PP.

The measuring results for both PPs are given ilesab

(6]

(7]

(8]
(9]

D. Wu, M.J. Greer, D.W. Rosen, D. Schaeféigud man-
ufacturing: Strategic vision and state-of-the;alburnal of
Manufacturing Systems, Vol.32, 2013, pp. 564-579.

D. Wu, W.D. Rosena, L. Wang, D. Schaefelpud-based
design and manufacturing: A new paradigm in digital
manufacturing and design innovatio€omputer-Aided
Design Vol.50, 2015, pp. 1-14.

Y. Lu, Development of a Hybrid Manufacturing Clgud
Journal of Manufacturing Systems, Vol.33, 2014, 55—
566.

B. Dworschak, H. ZaiseCZompetences for cyber-physical
systems in manufacturing — first findings and sciesa
Procedia CIRP, Vol.25, 2014, pp. 345-350.

M. Mattucci, Factories of the FutureCOMAU, EFFRA,
2012, Milano.

www.efra.eu (accessed September 2015).

Industre 4.0, Smart Manufacturing for the FutuBerlin,
2014.

1. As it could be seen, measurement was repeated fi [10] http://www.bmbf.de/en/19955.php (accessed R01eb).

times and standard deviation was calculated.

[11] http://www.plattform-i40.de/ (accessed Juné20

[12] V.D. Majstorovic, S.M. StojadinovicResearch and De-

5. CONCLUSIONS

The essence of this research is development IMIP on
CMM as support of Cyber-Physical Manufacturing Me-
trology Model and its metrology integration into GM
inspection process planning for prismatic parts.

The complex geometry of the PP by IMIP changes to[14]

the set of points whose sequence defines the niegsur
path of sensors without collision with workpiecaeP
senting measuring path by set of points with araefi

velopment of Knowledge Base for Inspection Planning
Prismatic Parts on CMM11th International Symposium
on Measurement and Quality Control, pp. 46-52, Cracow
Kielce, Poland, September-113, 2013.

[13] S.M. Stojadinovic, V.D. MajstorovicPeveloping engi-

neering ontology for domain coordinate metrolp§§ME
Transactions, Vol.42, No.3, 2014, pp. 2295.

S. Stojadinovic, V. Majstorovic, N. Durakbada,Sibalija,
Ants Colony Optimization of the Measuring Path oPr
matic Parts on a CMMMetrology and Measurement Sys-
tems, Vol. 23, No 1, 2016.

order is optimizing by solving TSP with ants colony [15] S. Stojadinovic, V. Majstorovid,owards the Development

Finding the shortest measuring path, the mainraifer
optimization, influence to the reduction of the alot
measurement time, which is one of the goals of s
search. The IMIP is especially suitable for usease of
measuring path planning for geometrically complé&sP
with large numbers of tolerances. The simulatioo- pr
vides a visual check of the measuring path.
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