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Model za analizo in optimiranje vpenjalnih

priprav
A Moadel for Analysing and Optimazing Fixtures

Uros Zuperl - Franci Cus

V prispevku je predstavijen nevronsko-analiticni model za analizo in racionalizacijo vpenjalnih
priprav, primernih za vpenjanje tankostenih izdelkov, pri katerih obstaja med obdelavo velika verjetnost
deformacije zaradi vpenjalnih in rezalnih sil. Izdelan je program FIXAN, ki ovrednoti vpenjalno shemo in
izracuna optimalne vrednosti in poloZaje vpenjalnih ter podpornih sil, ki so potrebne, da je obdelovanec
varno vpet med obdelavo. Model je primeren za analizo vpenjalnih priprav, namenjenih za vpenjanje
prizmaticnih in rotacijsko simetricnih izdelkov.

Model uposteva trenje, ki se pojavi med obdelovancem in elementi vpenjalne priprave. Hitrost izracuna
Jje zaradi uporabe umetnih nevronskih mrez (UNM) zelo velika, zato je postopek mogoce izvesti v realnem
casu.

Z opisanim postopkom zmanjsamo cas snovanja vpenjalne priprave in preprecimo napake in
deformacije med postopkom obdelave.
© 2002 Strojniski vestnik. Vse pravice pridrzane.

(Klju¢ne besede: naprave vpenjalne, frezanje, optimiranje, mreZe nevronalne)

This paper is about a neural-analytical model for the analysis and rationalization of fixtures that
are suitable for clamping thin-wall products likely to undergo deformation due to the clamping and cutting
forces that occur during machining. A program called FIXAN was used for the evaluation of the fixturing
scheme and for the calculation of the optimum magnitude and positioning of the clamping forces required to
enable the workpiece to be safely clamped during machining. The model is suitable for the analysis of fixtures
intended for the fixing of prismatic and rotational products.

The model takes into consideration the friction occurring between the workpiece and the fixture
components. Because of the use of an artificial neural network (ANN) the time needed for the calculation is
very short, therefore, the procedure can be carried out in real time.

The described procedure ensures a reduction of the fixture-planning time and the prevention of
defects and deformations during the machining process.

© 2002 Journal of Mechanical Engineering. All rights reserved.
(Keywords: fixture analysis, milling, optimization, neural networks)

0UVOD

Snovanje vpenjalnih priprav je zapleten in
domiselen postopek, ki zahteva izkuSenega
tehnologa. Za vsak izdelek obstaja ve¢ mogocih
izvedb vpenjalnih priprav, zato je obseg mogocih
resitev velik.

Razvoj umetne inteligence je prispeval k
omejevanju obsega mogocih reditev in s tem k
doseganju boljsih izvedb. Umetna inteligenca ponuja
razli¢ne tehnike za reSitev problema snovanja
vpenjalnih naprav. Najpomembnejsi sta prigodno
razsojanje (case—based reasoning) in ekspertni
sistemi. Vendar ti dve tehniki ne zagotovita vedno
optimalne resSitve. Bolj uspesni so sistemi, ki

O0INTRODUCTION

The designing of fixtures is a complex and
intuitive process for which an experienced technolo-
gist is required. For each workpiece there are several
possible solutions of the design for modular fixtures,
therefore, the number of possible solutions is large.

The development of artificial intelligence has
contributed to limiting the number of possible solutions
and, consequently, to achieving better designs. Artificial
intelligence offers various methods for solving the
problem of fixtures’ design. The most important methods
are the case-based reasoning and the expert systems.
However, these two methods do not always provide
the best fixture solutions. The systems that use a
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uporabljajo kombinacijo ve¢ tehnik, npr. genetski
algoritmi in nevronske mreze. Naloga racunalnisko
podprtega sistema za snovanje vpenjalnih naprav
[8] je izbrati pravilno kombinacijo osnovnih
modularnih vpenjalnih elementov, jih postaviti in
sestaviti na ustrezno mesto, tako da bo
obdelovanec pri obdelavi varno vpet.

Opisan sistem (sl. 1) vsebuje modul za
analizo vpenjalne priprave. Zmogljivej$i moduli
ponujajo tudi moznost racionalizacije in optimizacije
dobljene resitve. Po navadi izracun temelji na
metodi analize sil, opremljeni z optimizacijskim
postopkom.

combination of several methods, such as genetic
algorithms and neural networks, are more successful.
The task of the computer-supported system [8] for
designing the fixtures is to select the correct combination
of basic modular fixtures and to locate and assemble
them in an appropriate place so that the workpiece will
be safely fixed during machining.

Such a system (Figure 1) contains a module
for the analysis of the fixture. These highly capable
modules also offer the possibility to rationalize and
optimize the obtained fixture solution. Usually, the
calculation is based on the force analysis method
provided with the optimization process.

OBLIKOVANIJE IZDELKA (CAD)
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Sl. 1. Zgradba avtomatiziranega sistema za izbiro, analizo in montazo vpenjalnih priprav
Fig. 1. Structure of the automated system for the selection, analysis and assembly of fixtures

1 DOSEDANIJE RAZISKAVE INUGOTOVITVE

Poleg iskanja matemati¢nih reSitev za
pozicioniranje in vpenjanje obdelovancev, poteka
razvoj v smeri iskanja reSitve z uporabo
racunalniske rutine ([4] in [5]). Raziskovalci so
nedavno predlagali model “obdelovanec-vpenjalna
priprava”, ki temelji na osnovi “screw theory” in
uporabili metodo linearnega programiranja za
doloc¢itev vpenjalnih sil [3]. Mittal predlaga
dinami¢ni model “vpenjalna priprava-
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1 CURRENT RESEARCH AND FINDINGS

In addition to searching for a mathematical
solution for the positioning and clamping of
workpieces the development is oriented towards
searching for solutions by means of a computer
routine ([4] and [5]). Recently, researchers [3] proposed
a “workpiece-fixture” model based on the screw
theory and used the linear programming method for a
determination of the clamping forces. Mittal proposed
the dynamic “fixture-workpiece” model to determine
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obdelovanec” za dolocitev potrebnih vpenjalnih
sil, ki so potrebne, da je obdelovanec med obdelavo
v ravnotezju [1]. Vse naStete metode uporabljajo
poenostavljene modele, ki ne upostevajo trenja pri
svojih izraCunih. Rezultati so le priblizni.

2 TEORETICNA IZHODISCA PRI IZDELAVI
MODELA

Pri izdelavi modela je bilo predpostavljeno, da
bo obdelovanec vpet s prilagodljivo modularno
vpenjalno pripravo, ki omogocéa vpenjanje
obdelovancev razli¢nih oblik. Predpostavljeno je, da
sta obdelovanec in vpenjalna priprava togi telesi.

2.1 Vpenjalno nacelo

Pri izdelavi modela je bilo uporabljeno za
vpenjanje vpenjalno nacelo 3-2-1 (sl. 2), ki zahteva tri
lokatorje na osnovni polozajni ravnini, dva lokatorja
na drugi poloZajni ravnini in en lokator na tretji
poloZzajni ravnini.

the required clamping forces needed for equilibrium
of'the workpiece during machining [1]. All the above-
mentioned methods use simplified models that do
not take friction into account in their calculations.
The results are only approximate.

2 ATHEORETICAL ASSUMPTION USED IN
MAKING THEMODEL

When making the model it was assumed that
the workpiece would be fixed by a flexible modular
fixture to ensure that workpieces with different shapes
could be clamped. The fixture and the workpiece are
assumed to be rigid bodies.

2.1 Clamping principle

The clamping principle 3-2-1, which requires
three locators on the first locating plane, two locators
on the second locating plane and one locator on the
third locating plane (Figure 2), was used for making
the model.

Sl. 2. Uporabljen vpenjalno nacelo 3-2-1 za vpenjanje prizmaticnih obdelovancev
Fig. 2. The 3-2-1 clamping principle used for clamping the prismatic workpieces

2.2 Vpliv vpenjalnih sil na shemo vpetja

Vpenjalna sila mora biti dovolj velika in
ustrezno usmerjena, da se lega obdelovanca med
obdelavo zaradi rezalnih sil ne spremeni. Vpenjalne
sile na obdelovancu ne smejo ustvarjati notranjih
napetosti in poskodovati oziroma deformirati
povrsine obdelovanca. Dovoljene deformacije smejo
biti taksne, da je izdelek po postopku obdelave
znotraj predpisanih toleran¢nih vrednosti. Vpenjalne
sile delujejo vedno proti podporam, na katerih je
podprt obdelovanec.

2.3 Rezalne sile

Izracun rezalnih sil je izveden po
nevronskem modelu za simuliranje rezalnih sil [7].
Analiti¢no modeliranje rezalnih sil [2] je tezavno
zaradi velikega Stevila medsebojno odvisnih
obdelovalnih parametrov. Namesto poskusov
iskanja analiticnih povezav med obdelovalnimi

2.2 The influence of clamping forces on the clamping
scheme

The clamping force must be large enough and
suitably oriented so that the workpiece’s position
does not change during machining due to the cutting
forces. The clamping forces on the workpiece’s are
not allowed to create internal stresses and to damage
or deform the workpiece surface. The permissible
deformation may be such that after machining the
product is within the specified tolerance values. The
clamping forces always act towards the locators on
which the workpiece is supported.

2.3 Cutting forces

The calculations of the cutting forces are
made according to the neural network model for the
simulation of cutting forces [7]. Analytical cutting-
force modelling [2] is difficult due to the large number
of interrelated machining parameters. Instead of
attempting to find analytical relationships between
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parametri s statistiko, je uporabljeno strojno
ucenje.

Izdelava modela temelji na izvedenih
eksperimentalnih meritvah rezalnih sil pri frezanju.

Za modeliranje rezalnih sil so bile uporabljene
usmerjene nevronske mreze (UNM) s tremi nivoji.
Vsebovale so 11 nevronov v vhodni ravni in 3 nevrone
v izhodni ravni. Pri preskusih se je Stevilo nevronov
v skritem nivoju spreminjalo.

Ucenje UNM je bilo izvedeno z naslednjimi
parametri: material obdelovanca, trdota obdelovanca,
premer orodja, tip ploscice, rezalna hitrost, podajanje,
precna in vzdolzna globina rezanja, obraba orodja,
komponente rezalne sile. Med postopkom ucenja so
bili UNM posredovani tudi zeleni izhodi (tri komponente
rezalne sile). Ucenje UNM je bilo izvedeno z
neobdelanimi eksperimentalnimi podatki, pri cemer je
bilo uporabljenih 3500 popolnih uénih primerov.

3MODEL ZA ANALIZO IN OPTIMIRANIJE
VPENJALNIH PRIPRAV

Razvit model je uporaben pri snovanju
vpenjalnih priprav, saj lahko v kratkem ¢asu rutinsko
dolo¢i optimalne velikosti, smeri in prijemalisca
vpenjalnih in podpornih sil za razli¢ne vpetostne
primere. Naloga modela je, da preveri (analizira)
dobljeno resitev (konfiguracijo vpenjalne priprave),
jo potrdi oziroma zavrne, ¢e niso izpolnjeni vsi
zastavljeni pogoji.

Namen modela je izboljsati izvedbo
vpenjalne priprave in s tem povecati geometrijsko
natanc¢nost izdelanega tankostenega izdelka.
Pomembno je upostevati rezalne sile in vpenjalne
sile ter izmere in razpolozljivost vpenjal, kakor tudi
delovni prostor na stroju, ki omejuje moznosti
vpetja.

Pri izdelavi programa FIXAN je bilo znanje
izbrano iz literature (proizvajalci vpenjal) in od
izvedencev iz prakse v proizvodnji. Pomemben vir
znanja so ze izdelani in preverjeni tehnoloski
postopki.

Stroski za nacrtovanje in izdelavo vpenjalne
priprave znasajo tudi do 15% celotnih proizvodnih
stroskov [6]. Nadalje, ¢e se pozicioniranje in
fiksiranje izdelka ne da izvesti z zmernimi stroski, ali
ne zadostimo zahtevam postopka, potem postopek
obdelave ni upravi¢en. ZmanjSevanje stroskov in
Casa za nacrtovanje postopka vpenjanja je najvecje
gonilo za sistemati¢no nacrtovanje vpenjalnih
priprav.

Program FIXAN dolo¢i (sl. 3):

- minimalno S$tevilo in polozaj podpornih in
vpenjalnih elementov,

- gibanje, ki ga dovoljujejo podporni elementi,

- reakcije na mestih stika “obdelovanec-vpenjalna
priprava” (podporne sile),

- minimalne vpenjalne sile, potrebne za uravnotezenje
rezalnih sil.
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the machining parameters using statistics, machine
learning is used.

The development of the model is based on
the measurements of cutting forces during milling.

For modeling the cutting forces, three-layer
feed-forward artificial neural networks (ANNs) were
used. They contained 11 neurons in the input layer,
and 3 in the output layer. The number of neurons in
the hidden layer was varied in the experiments.

The ANNs were trained with the following
parameters: type of machined material, hardness of
the machined material, cutting tool diameter, type of
insert, cutting speed, feed, radial and axial depth of
cutting, tool wear, and components of cutting force.
The desired outputs (the three cutting-force compo-
nents) of the network also being supplied during
training. Training of the ANN was made with raw
experimental data from 3500 full training examples.

3 PRESENTATION OF THE MODEL FOR THE
ANALYSIS AND OPTIMIZATION OF FIXTURES

The developed model is useful for designing
fixtures since it can routinely determine, within a short
time, the optimum sizes, the direction and the
application points of clamping and locating forces
for different cases of clamping. The model is aimed at
verifying (analysing) the obtained solution
(configuration of the fixture), confirming or rejecting
it, if all the set conditions are not fulfilled.

The purpose of the model is to improve the
design of the fixture and thus to increase the
geometrical accuracy of the thin-wall product. It is
important to consider the cutting forces, the clamping
forces and the dimensions and availability of fixtures
as well as the space on the machine, which limits the
possibility of clamping.

For working out the programme FIXAN,
information was collected from the literature (makers
of modular fixtures) and from experts in production
practice. The technological procedures already worked
out and verified are an important source of information.

The designing and manufacturing costs of the
fixture amount to as much as 15% of the total
production costs [6]. Further more, if the positioning
and fixing of the product cannot be carried out with
moderate costs or if the requirements of the process
are not satisfied, the machining process is not
justified. The reduction of the costs and the time to
design the fixing process is the greatest motivating
force for the systematic design of fixtures.

The FIXAN program determines (Figure3):

- the minimum number and position of the locating
and clamping elements,

- the motion allowed by the locating elements,

- the reactions at the places of the “workpiece-fix-
ture” contact (locating forces),

- the minimum clamping forces required for balanc-
ing the cutting forces.
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Sl. 3. Shematski prikaz nalog v programu FIXAN
Fig. 3. Representation of the tasks in the FIXAN program

3.1 Teoreti¢na zasnova modela za analizo in
optimiranje vpenjalnih priprav

Stvari postanejo mocno zapletene, kadar
upostevamo sile trenja med obdelovancem in elementi
vpenjalne priprave.

Obdelovanec je podprt na Sestih tockah P -
P_in vpet s tremi vpenjalnimi silami Fvp, Fvp,, Fyvp,
vtockah P, P, P, (sl. 4).

Kjerso:

F,...F-reakcije, ki delujejo na podporne elemente (N),
Fvp, Fvp, Fvp,-vpenjalne sile, ki delujejo v smeri
normale na pozicionirne ravnine(N),

F,F, Ff - komponente rezalne sile F, (N),

M, M, M _-komponente rezalnega momenta M (Nm),
J; (i=1..9) - rezultirajoCe sile trenja v sti¢nih tockah (N),
F - sila teze obdelovanca (N),

- koeficient trenja.

3.1. Theoretical concept of the model for the analysis
and the optimization of fixtures

The scene is much more complex when
frictional forces between the workpiece and fixture
elements are taken into account.

The workpiece is located on the six points P -
P, and is held by three clamping forces Fvp, Fp,,
Fvp, atpoints P, P, P, (Figure 4).

Where:

F,...F, - reactions acting on locating elements (N),
Fvp, Fvp, Fvp,- clamping forces acting in the
direction of the normal on to positioning planes (N),
F, F, F, - components of cutting force £ (N),

M, M, M - components of cutting moment M (Nm),
J; (i=1...9) -resulting frictional forces in contact points (N),
F - force of workpiece weight (N),

- friction coefficient.

Mec,

Sl. 4. Sile na obdelovancu med postopkom frezanja
Fig. 4. Forces on the workpiece during the milling process
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Rezultirajoca sila trenja f; med lokatorjem in
obdelovancem je - F; in med vpenjalnim elementom
in obdelovancem y ‘F,,;, (j = 1...3). Reakcije na
podpornih elementih morajo biti pozitivne, ker se v
nasprotnem primeru izgubi stik med obdelovancem
in elementi vpenjalne priprave.

3.2 RavnoteZne enacbe
Za dosego staticnega ravnotezja in dimenzijske

natan¢nosti pri obdelavi morata biti rezultirajoca sila
in moment na obdelovancu enaka ni¢. Ravnotezne

r.- vektorji, ki definirajo podporne tocke,
R, R, R -komponente rezultirajoce rezalne sile F.

3.3 Matri¢ne ravnoteZne enacbe za izracun
podpornih sil

Zaradi numeri¢nega reSevanja problema so
ravnotezne enacbe zapisane v matri¢ni obliki:

Geometrijska matrika [4], , je enaka:

Vektor podpornihsil [F] ":

Vektor zunanjih sil [w ]:

f‘7){ +f‘9’(
foy+Js,

[v.]

-
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[A]Iok '[F]/ok +[We] =0

Sis S S
fl‘y f2y ﬁy
1 1 1
rly r2y r}sy
(4], =
_rlx _r2x _r3x
_ﬁx -’iy + _f2x .r2y + _j;x .7:"5,\’ +
L +-fiy.r1x +f£y.r2x +f;y.r}5x

[Fl, =[F B F F F F]

_féz _-f;z_Fg +Rz
_f‘7y.r7: _féy .réz _féz .r&v _.f92 .r9y _Ezpl .r7y_
.f‘7x.r7z+-f8z.r8x+f‘9x.”92+f‘92.r9x

_ﬁx""7y+f‘7y .r7x+f;§y .riix_f“)x.n)y_

The resulting force of the friction f; between
the locator and workpiece is u -F; and between the
fixing element and the workpiece itis z-F,, (j=1...3).
The reactions on the locating elements must be
positive, because otherwise the contact between the
workpiece and the fixture is lost.

3.2 Equations of equilibrium
To achieve static equilibrium and dimensional

accuracy during machining the resulting force and
moment on the workpiece must be zero. The equations

enacbe so: of equilibrium are:
6 6 6
1] {287 2o
i=1 x i=1 v i=1 B
6 6
[Z(Exzj)j _MXZEZ(EX”")j —M}:[Z(Exr[)j -M,=0 )
i=1 x i=1 ¥ i=1 z
kjer so: where:

r,- the vectors defining the locating points
R, R, R - components of the resulting cutting force F,

3.3 Matrix equilibrium equations for the calculation
of locating forces

Because the problem is solved numerically the
equilibrium equations are written in the matrix form:

(€)
The geometrical matrix [4],  is as follows:
-1 -1 for ]
f;ly f;y _l
Tl e - /o
[_f;ly : r4: J [_f;y : rSz _J [ f;;z . ré} +J
_ﬁty : r;ly _f;z ' rSy +r6z (4)
[—}"42 + J [_7'52 + j [ﬁx .réz +
+f;lz .r4x +.f52 .r5x +f;)z 'réx
r4y+ r5y+ (_r&r— ]
+f;ty : r4x +.f;y : r5x _f6x : r6y |
The vector of supporting forces [F]MT:
Q)
The vector of external forces [w ]:
+F, +R,
+F, +R,
©)
va E _Fg T +M,
+F, o +F, o+ F o, +M,
E/z""gy+F:Jp3'r9x+Mz i
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Po vstavitvi geometrijske matrike [4],  in
vektorja zunanjih sil [w ] v enacbo (3) sledi:

After entering the geometrical matrix [4], , and
the vector of external forces [w ] into equation (3) the

following is obtained:
-1

S Sa Six -1 -1 Sox
Sy fay S Say /s -1
____1___________1___________1__________—_}212_ ________ - [53 ________ fffé_z___
. . . [—ﬂy~uz —J [—J@y~rsz —J (—ff,zm +J
[F], =- S 1, —fson, +.
7, — 7 [‘”4:* ) (—rsﬁ j (fsx'rsz +j
+ +fs 0, oz Tox
_+f1y'r1x +f2y""2x +.f3y.’3x +f;ly.r4x +f5y””5x _fsx'rsy ]
i Jrot foxtF,, + R, 1
f7y+f8y+E’P3+Ry
. ~fo. = Jo. —F, + R,
oyt Sy e = Sao By~ Sorloy = E 1y —F hy = Fy o + M
Jrw e S B F o Boo ¥ for to +Fy or A F or A Fpr + M
—Sr TSy Sy T = Sor By =By, ty R E cn v ML

Kadar je koeficient trenja med obdelovancem
in vpenjalnimi elementi enak ni¢, se zgornja enacba
poenostavi in dobi naslednjo obliko:

F 0o 0 0 -1 -l
F, 0O 0 0 0
[F] F, 11 0 0
ok El - riy ’”2)/ y}y 0 0
F‘S _rlx _r2x _’3): _r4z _’/5
/K] L0 0 0 n, n

3.4 Iskanje ustrezne vpenjalne razporeditve in
vpenjalnih sil

Zaradi sil trenja je Stevilo neznank v
sistemu vecje od Stevila ravnoteznih enacb, zato
sistem ni vedno resljiv. Sistem ima netrivialno
resitev takrat, ko je determinanta matrike razlicna
od ni¢. Postopek izra¢una vpenjalnih sil se
poenostavi z iteracijskim na¢inom reSevanja
matri¢ne enacbe. Z iteracijsko metodo resimo
enacbo (3), s ¢imer izradunamo minimalne
potrebne vpenjalne sile. Iteracija se zaéne z
zacetno vrednostjo vpenjalnih sil F,,;,=0;j=1, 2,
3, potem se ta vrednost postopoma koraéno veca,
dokler vse sile F, niso pozitivne. Na tak nacin
pridemo do osnovne resitve problema. Osnovno
resitev je mogoce optimirati takole:

Prvi vpenjalni sili se priredi vrednost osnovne
resitve, preostalim pa se postopoma koraéno zvisuje

When the coefficient of friction between the
workpiece and the clamping elements is equal to zero,
the above equation is simplified and assumes the
following form:

N vaz+Rx

-1 E’p3+Ry

0 F,+R,

ey . _FLP|"9y_Ep3"’92_Fg'rgv+Mx ®
0 Em'ru"'vaz"’xZ"'Fg'rgx"'My

—rsx_ i vaz"%y*'va"’gx‘FMz |

3.4 Searching for the appropriate fixing
configuration and clamping forces

Because of frictional forces the number of unknown
variables in the system is far larger than the number of
equilibrium equations, therefore, the system is not always
solvable. The system has a non-trivial solution when the
determinant of the system is other than zero. The procedure
for calculating the clamping forces is simplified by the
iteration method of solving the matrix equation. By using
the iteration method equation (3) is solved and the minimum
required clamping forces are calculated. The iteration starts
with the initial value of the clamping force F,,,=0;;=1,2,
3, afterwards, this value gradually increases incrementally
until all the forces F, are positive. In this way we reach the
basic-fundamental solution of the problem. The basic
solution can be optimised in this following way:

The value of the basic solution is adapted to
the first clamping force whereas the values of the
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vrednost, dokler vse izracunane podporne sile niso
pozitivne. Nato se postopek ponovi za vsako
vpenjalno silo.

3.5 Grafi¢ni prikaz poteka dela v programu FIXAN

Slika 5 prikazuje zaporedje korakov, ki jih je
treba izvesti pri iskanju optimalne vpenjalne sheme.

Zuper‘l U. - Cus F.: Model za analizo in optimiranje - A Model for Analysing and Optimizing

others are gradually increased incrementally until all
the calculated locating forces are positive. The
procedure is then repeated for each clamping force.

3.5 The graphical representation of the process of
work in the FIXAN program

Figure 5 shows the sequence of steps to be taken
when searching for the optimum clamping scheme.

Geometrija
G? obdelovanca
Workpiece geometry
Napovedovanje
Vrednost in polozaj rezalnih sil z nevronsko
rezalne sile mrezo

Value and position of Prediction of cutting
cutting force forces by neural
¢ network

ENTERING OF INPUT DATA

Koeficient trenja
Friction coefficient
Zacetni polozaji vpenjalnih in
podpornih elementov

Starting positions of clamping
and locating components

VNOS VHODNIH PODATKOV

IZRACUN: . T
L o Sprememba polozaja vpenjalnih/
vpenjalnih in podpornih sil odpornih elementov
CALCULATION: |« pocpor ”
. . Modification of position of
of clamping and locating . .
forces clamping / locating elements

v

Analiza sil
Force analysis

Ali je obdelovanec
varno vpet?

Is workpiece safel

clamped?

Ne /No
|

ANALIZA VPENJALNE PRIPRAVE
FIXTURE ANALYSIS

Da/ Yes

v

GRAFICNI PRIKAZ REZULTATOV
GRAPHICAL REPRESENTATION OF RESULTS
-vpenjalne sile / clamping forces
podporne sile / locating forces
-potrebno Stevilo vpenjalnih / podpornih
elementov
required number of clamping / locating elements
-najprimernejsi polozaji : vpenjalnih / podpornih
elementov
most suitable positions: clamping / locating
elements

Sl. 5. Definicija programskih korakov v programu FIXAN
Fig. 5. The definition of the program steps in the FIXAN program

-
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Program zahteva v korakih (1 do 4) rocen
vnos zacetnih (zelenih) polozajev vpenjalnih/
podpornih elementov ter vrednosti rezalnih sil,
koeficienta trenja in teze obdelovanca. Zacetne
polozaje komponent priprave dolo¢i operater glede
na izku$nje, geometrijo obdelovanca in operacijo
obdelave.

V primeru nerodne izbire polozajev
komponent vpenjalne priprave, ko program z
variiranjem vrednosti vpenjalnih sil ni zmozen
zagotoviti u¢inkovite vpenjalne sheme, avtomati¢no
spremeni koordinate posameznim vpenjalnim ali
podpornim elementom.

Elemente priprave razporedi okrog
obdelovanca tako, da je ta varno vpet z minimalnimi
potrebnimi vpenjalnimi silami.

4 PRIMER ANALIZE IN OPTIMIRANJA
VPENJALNE SHEME

Na stevilsko krmiljenem frezalnem stroju je
treba izdelati utor, prikazan na sliki 6. Uporabimo
frezalo s premerom 16 mm z dvema rezalnima
plos¢icama (R-216-16 03 M-M) pri naslednjih rezalnih
pogojih: rezalna hitrost (v =25 m/min), podajanje na
zob (f = 0,01 mm/zob), globina rezanja (a =4 mm).
Material obdelovanca je jeklo z oznako Ck-45. Na
podlagi formul, podanih v literaturi [ 7], so izracunane
komponente rezalnih sil pri podanih rezalnih
parametrih. Vrednosti komponent rezalnih sil (¥, =
450N, F=315N, F,=810N), polozaj orodja, zacetne
polozaje vpenjalnih/podpornih elementov,
koeficient trenja (7= 0,4), in teZzo obdelovanca (Fg=
47 N) vstavimo v okno za vnos vhodnih podatkov.

4.1 Dolocitev vpenjalnih sil z iteracijo

Vpetje izvedemo s tremi vpenjalnimi
elementi. Z zgornjim vpenjalnim elementom je vpet

In steps (1 to 4) the programme requires manual
entering of the starting (desired) positions of the
clamping/locating elements and the values of the cutting
forces, the friction coefficient and the workpiece’s
weight. The starting position of the fixture components
are determined by the operator on the basis of experience,
workpiece geometry and machining operation.

In the case of inappropriate selection of the
fixture components, when the program is not capable
of ensuring an efficient clamping scheme by varying
the values of the clamping forces, it automatically
changes the coordinates of the individual clamping
or locating elements.

It arranges the clamping components around
the workpiece so that the latter is safely clamped by
the minimum required clamping forces.

4 EXAMPLE OF AN ANALYSIS AND
OPTIMIZATION OF THE CLAMPING SCHEME

On a NC milling machine it is necessary to make
the slot shown in Figure 6. To this end we use a milling
cutter of 16-mm diameter with two cutting inserts (R-216-
16 03 M-M) and the following cutting conditions: cutting
speed (v=25 m/min), feedrate (f= 0,01 mm/tooth), cutting
depth (a=4 mm). The workpiece material is the steel Ck-
45. The components of the cutting forces with the cutting
parameters defined above are calculated on the basis of
equations given in literature [7]. The values of the
components of the cutting forces (&, =450 N, F=315N,
F =810 N), the tool position, the starting positions of the
clamping/locating elements, the friction coefficient (7=
0.4) and the workpiece’s weight (Fg =47 N) are entered
into the window for the input data.

4.1 Determination of clamping forces by iteration

Clamping is effected by the three clamping
elements. With the upper clamping element the

polozaji podpornih elementov:
positions for locators:

1 (38, 140, 0)

2 (165, 80,0)

3 (165,241, 0)

4 (178, 102, 76)

5(254, 188, 76)

6 (102, 254, 76)

polozaji vpenjalnih elementov:
positions for clamping elements:
1 (122, 140, 100)

2 (25, 140,76)

3 (102, 25, 76)

polozaj rezalne sile:

position of cutting force:

(76, 127, 96)

Sl. 6. Vpenjalna in podporna shema za izdelavo utora na prizmaticnem obdelovancu
Fig.6. Clamping and locating scheme for machining the slot on a prismatic workpiece
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obdelovanec v smeri osi Z, s stranskima pa je
pritisnjen ob navpicni pozicionirni ravnini. Enac¢ba
(3) dobi naslednjo obliko:

workpiece is clamped in the direction of the Z axis and
with the two side elements it is pressed along the vertical
locating plane. Equation (3) assumes the following form:

(0,373 0373 0,373 -1 -1 0,194 | [ F,
0,145 0,145 0,145 0,229 0,229 -1 F,
1 1 1 -0,328 -0,328 0,35 | | F |
5512 1,496 9,488 —2,002 -3,112 —0,505||F,|
-1496 —6,496 -0,696 0,696 0,385 1,985 ||F,
| -1,838 0,384 -2,595 5.623 9,695 5958 |F; |
©)
0,373-F, +F, +0,194-F, +810
0,145-F, +0,328-F, +F, +315
-0,459-F_—F —450+80
- P2 Pl
-6.38-F,, —2,245-F, —3,336-F, —440,95+4501,57
7,034-F, +3,218-F, +1,985-F, +6361,4+359,05
-1,359-F,, —5,321-F, +3,825-F, —2910,63
L w1 w2 P3 .

Mogoce reSitve za Fyp, so tiste, ki vodijo do
pozitivnih vrednosti F; z drugimi besedami,
obdelovanec bo ostal med obdelavo v stiku s
podpornimi elementi. Determinanta F,. je negativna,
zato obstaja netrivialna reSitev problema. Obstoj
netrivialne resitve pomeni, da je konfiguracija
vpenjalne priprave sprejemljiva. Za resitev Sestih
simultanih linearnih ravnoteznih enacb z devetimi
neznankami predpostavimo, da imajo Fvp,, Fvp,, in
Fvp enake vrednosti. Vrednosti teh treh spremenljivk
so na zacetku enake 0, nato se z nespremenljivim
korakom v vsaki iteraciji stopnjujejo do vrednosti, pri
katerih so vse sile /', pozitivne.

Dobljene vrednosti sil Fvp,, Fvp,in Fvp,, ki
so enake 440N, bodo prvi niz sprejemljivih resitev, ki
so navedene kot primer (1) v preglednici 1.

The possible solutions for Fvp.s are those that
result in positive values of Fs; in other words, the
workpiece will remain in contact with the locators
during the entire cutting process. The determinant of
Fl.c is other than zero, therefore, a non-trivial solution
exists. The existence of the non-trivial solution implies
that the clamping fixture configuration is acceptable.
To solve these six linear simultaneous equilibrium
equations with nine unknowns, we assume that Fvp ,
Fvp,and Fvp have the same magnitude. Their values
start from zero and are incremented by a constant
value in each iteration until positive values of all F s
are achieved.

The obtained values of Fyp,, Fvp,and Fip,,
which are equal to 440N, will be the first set of possible
solutions, which are listed as case (1) in Table 1.

Preglednical. Reakcije na podpornih elementih, ki so posledica razlicnih nacinov vpetja obdelovanca

Table 1. Reaction on the locating elements which results

from different methods of workpiece clamping

Sile N ) ) 3 “ )
Forces N primer / case

Fvpi 440 430 440 410 0

Fvp: 440 440 440 220 320

Fvp;s 440 440 0 0 0
Fi 2,14 0,967 125,57 7,808 0,44
F 475,9 472,12 432,77 | 249,644 | 396,842
Fs 693,7 688,765 | 613,25 | 419,354 | 643,647
Fy 826,0 823,769 | 652,30 | 539,109 | 618,558
Fs 673.,5 672,009 | 761,73 | 590,891 | 564,291
Fs 962,9 961,526 | 522,97 | 419,862 | 446,534
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4.2 Racionalizacija zasnove vpenjalne priprave

Preglednica 1 prikazuje vrednosti reakcij F¥, (i
=1 do 6) na podpornih elementih in mogoce resitve
za Ivp, prirazli¢nih primerih vpetja. Primer (1) prikazuje
prvo sprejemljivo resitev, pri kateri so vse vpenjalne
sile enake (440 N). Pri drugih primerih (2 in 3) priredimo
dvema vpenjalnima silama vrednost 440 N, medtem
ko vrednost tretje vpenjalne sile postopoma vec¢amo,
dokler ne postanejo vsi /¥, pozitivni.

S takim postopkom zmanjSamo vrednost
potrebnih vpenjalnih sil, pri ¢emer pa ostane
obdelovanec vseskozi v stiku z elementi vpenjalne
priprave. Vrednosti vpenjalnih sil, ki jih dobimo v
primeru (5), so boljse kakor v primeru (1). V primeru
(3) vpenjalni element 3 ni potreben, saj je sila na ta
element enaka 0 (Fvp,= 0). Program vedno predlaga
dve optimalni resitvi konfiguracije vpenjanja (primer
4 in 5), med katerima lahko uporabnik izbira.

Vpliv vpenjalnih sil Fvp,, Fvp,in Fvp, na
vrednosti reakcij podpornih elementov med frezanjem
prikazuje slika 7. Z vecanjem vpenjalne sile, po
pricakovanjih, se vecajo tudi vrednosti reakcij na
podpornih elementih. Kriticno mesto vpenjalne
priprave je pri podpornem elementu 1. Pri obdelavi
bo obdelovanec najprej zgubil stik z vpenjalno
pripravo prav na tem mestu ().

Razpored vpenjalne priprave je mogoce
izboljsati:

- spostavitvijo dodatnega vpenjalnega elementa nad
kriti¢ni podporni element 1,

- povecati velikost vpenjalne sile Fyp; ali spremeniti
poloZaj vpenjalnega elementa 7.

4.2 Rationalization of fixture design

Table 1 lists the reaction forces F, (i = 1 to 6)
on the six locators and the possible solutions for
Fyvp s under different clamping conditions. The case
(1) shows the first acceptable solution where all the
clamping forces are equal (440 N). For the other cases
(case 2 and 3) two of the clamping forces are set to a
value of 440N, while the value of the third clamping
force is gradually increased until all F s are positive.

With such a procedure the value of the required
clamping forces is reduced, while the workpiece remains
in contact with the fixture components at all times. The
values of the clamping forces obtained in case (5) are
more adequate than in case (1). In case (3) the clamping
element 3 is not necessary, since the force acting on that
element is equal to O (#p, = 0). The program proposes
the optimum solutions of the clamping configuration (case
4 and 5) from which the user can choose.

The influence of the clamping forces Fip,,
Fvp,, Fvp,on the values of the reactions of the
locating elements during milling is shown in Figure 7.
If the clamping forces are increased, the values of the
reactions on the locating elements are also expected
to increase. The critical point of the fixture is on the
locating element 1. During machining the workpiece
will first lose contact with the clamping device just at
that point (P,).

The fixture configuration can be improved by:
- placing on additional clamping element above the

critical locating element 1,
- increasing the value of the clamping force Fvp, or
changing the position of the clamping element 7.

1600
1404,8
14001 — o Fup=T40N :
- -6~ -Fvp=590N
1208, ——Fvp=440N
- -Xx- -Fvp=150N 10485

:

g

963,0

Reakcije na podpornih elementih [N]
Reaction forces on the locators [N]

404 - - 77 - - T4 T
315,0 A
200189~ ~ .7 _&Llhe
0
F6
4
AL - Podpornielerent
Locating element
-400

S1. 7. Prikaz reakcij na lokatorjih v razlicnih razmerah vpenjanja
Fig. 7. Representation of the reactions of locators under different clamping conditions
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Pri vpenjalni sili Fvp =0N do Fvp =440N
konfiguracija vpenjalne priprave v danih razmerah
obdelave ni primerna za vpenjanje obdelovanca.
Obdelovanec bo varno vpet med obdelavo takrat,
ko bo vpenjalna sila vedja ali enaka 440N
(odebeljena ¢rta na sliki 7). Najvecja obremenitev
vpenjalne naprave je na mestu podpornega
elementa 6. Ta prevzame med obdelavo v polozajni
ravnini XZ vse obremenitve, ki delujejo v smeri osi
Y

Predlagane in analizirane vpenjalne primere (1
in4) prikazuje slika 8.

With clamping force Fvp=0N up to Fyp=440N
the clamping fixture configuration is not suitable for
clamping the workpiece in the given conditions of
machining. The workpiece will be safely clamped
during machining, when the clamping force is higher
than, or equal to, 440N (thickened line in Figure 7).
The maximum loading of the clamping fixture occurs
at the point of the locating element 6, which, during
machining in the locating plane XZ, takes all loadings
acting in the direction of the Y axis.

The proposed and analysed clamping cases
(1 and 4) are shown in Figure 8.

1200
- H osnovna resitev/basic solution 963.0
@ optimalna reSitev/ optimal solution
_ 826,0
Z Z
ORgcooE - - - - - - - - - - - - - - oo
= O
g .§ 693,7 673,5
s =
o £ 590,9
Q= ’
ggeoy o - | 5391 T
a o ) 476,0 ]
£ 440,0  440,0 440,0 o 419.4
° G 410,0 ‘ 419.4 -
5 2400 | .
g3 | ‘
o E ' ' 249,6
> 8 220,0 ‘
200 | . .
0,0 2.1 78
0 | | L P
Fvp1 Fvp2  Fvp3 F1 F2 F3 F4 F5 F6

Sl. 8. Primerjava vpenjalnih primerov
Fig. 8. Comparison of clamping cases

S programom FIXAN je mogoce s primerno
izbiro in postavitvijo vpenjalnih elementov izboljsati
razpored vpenjalne priprave.

5 ANALIZA REZULTATOV MODELA

S testiranjem je bila potrjena pravilnost
rezultatov modela. Odstopanje napovedanih sil od
dejanskih je nekoliko vecje le pri zelo majhnem
koeficientu trenja (0,01< £ <0,2) med obdelovan-
cem in vpenjalno pripravo. Odstopanje napovedanih
rezultatov smo poskusali kompenzirati v samem
matemati¢nem modelu, vendar izvedeni popravki niso
pomembno izboljsali vrednosti napovedanih sil.
Potreben popravek je bil zato izveden z vpeljavo
nevronske mreze v model (sl. 9). Z uporabo UNM
zajamemo vse vplivne faktorje, ki niso upostevani v
ravnotezni matri¢ni enacbi.

Postopek izracuna, ki je prikazan na sliki 9, je
naslednji:
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By using the FIXAN program it is possible to
improve the clamping fixture configuration by rational
selection and by the placing of the clamping elements.

5 ANALYSIS OF RESULTS OBTAINED BY THE
MODEL

The tests confirmed the correctness of the
results of the model. The deviation of the predicted
forces from the actual forces is slightly greater only in
the case of a very small coefficient of friction
(0.01 < <0.2)between the workpiece and the fixture.
We tried to compensate for the deviation of the predicted
results in the mathematical model, but the corrections
did not significantly improve the values of the predicted
forces. Therefore the required correction was made by
introducing the ANN into the model (Figure 9). By using
the ANN all the influencing factors, not taken into
account in the equilibrium matrix equation, are included.

The process of the calculation shown in
Figure 9 is as follows:
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Najprej po matricni enacbi (7) dolo¢imo
priblizne vrednosti vpenjalnih /podpornih sil. Te
vrednosti nato popravimo s korekcijskimi parametri
K, Kc, ki jih posreduje predhodno naucena
nevronska mreza.

First, the approximate values of the clamping/
locating forces are determined according to equation
(7). These values are then corrected by the correction
parameters K, Kc,, specified by the previously trained
neural network.

Geometrija Vrednost in polozaj Polozaj vpenjalnih in Trenje
izdelka rezalne sile podpornih elementov Friction
Workpiece Value and position of Positions of clamping,
geometry cutting force locating components
T T T
- J
=5
| Normalizacija \
Normalisation RAVNOTEZNE
v o ENACBE
NEVRONSKAMREZA EQUILIBRIUM
! NEURAL NETWORK EQUATIONS
I I
Korekeijski faktorji 4
Correction factors
K i=1..6
Kci; =1.3
REZULTAT
Obdelava na izdelani RESULT
\_|  vpenjalni pripravi |
Machining on fixture
made
OPTIMALNE / OPTIMAL

Vpenjalne sile
Clamping forces

Potrebno stevilo
vpenjalnih elementov
Required number of
clamping elements

Podporne sile
Locating forces

S1. 9. Shematski prikaz delovanja opisanega modela
Fig. 9. Schematic representation of functioning of the described model

Uporabljena je usmerjena nevronska mreza
s petimi nivoji. Vsebuje 18 nevronov v vhodnem
nivoju in 9 nevronov v izhodnem nivoju. Vhodni
vektor sestoji iz: komponent rezalnih sil, koordinat
mesta obdelave, koordinat polozaja vpenjalnih in
podpornih elementov, teze obdelovanca in
koeficienta trenja. Izhodni vektor vsebuje 9
korekcijskih faktorjev, s katerimi so pomnozene
vrednosti izracunanih sil.

Zeleni izhodi (devet vpenjalnih/podpornih sil)
so bili tudi posredovani UNM med postopkom ucenja.
Ucenje UNM je bilo izvedeno z eksperimentalnimi
podatki, pri ¢emer je bilo uporabljenih 80 uc¢nih
primerov. Za testiranje nauc¢ene mreze je bilo
uporabljenih Se dodatnih 40 testnih primerov. Podatki
za testiranje in ucenje so pridobljeni z
eksperimentalnimi meritvami na Ze izdelanih vpenjalnih
pripravah.

Z uvedbo UNM se je natancnost
napovedanih sil izboljSala za 32% pri £<0,3 in za
2% pri ©>0,3. Povpreéna napaka napovedi je

A five-layer feed-forward neural network was
used. It contains 18 neurons in the input layer, and 9 in
the output layer. The input vector consists of:
components of the cutting forces, the coordinates of
the point of machining, the coordinates of the position
of the clamping and supporting parts, the workpiece’s
weight and the friction coefficient. The output vector
contains nine corrections factors by which the values
of the calculated forces are multiplied.

The desired outputs (the nine clamping/
locating forces) of the ANN are also supplied during
training. Training of the ANN was made with the
experimental data of 80 training examples. An
additional 40 examples were used to test the trained
network. The data for training and testing are obtained
from the experimental measurements on the fixtures
already made.

Due to the introduction of the ANN the
accuracy of the predicted forces was improved by
32% in the case of x# < 0.3 and by 2% in the case of
4> 0.3, The average estimation error is about 7.4%,
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priblizno 7,4%, kar je malo v primerjavi z 12,7-odstotno
napako pri analiti¢cnem modelu. Opisan postopek z
uporabo UNM je hiter, preprost in u¢inkovit.

6 SKLEP

Z razvitim modelom smo pomembno skrajsali
¢as snovanja priprav (15%) ter dosegli vecjo
izdelovalno natan¢nost. Z opisanim sistemom je
mogoce napovedati in prepreciti napake na
obdelovancu med postopkom vpenjanja in
obdelave. V raziskavi je ugotovljeno, da se z
upostevanjem trenja mo¢no zmanjSa vrednost
potrebne vpenjalne sile kakor tudi $tevilo potrebnih
vpenjalnih elementov. Razvit program FIXAN skrajsa
Cas nacrtovanja postopka obdelave. Omogoca
izdelavo kakovostnih nacrtov vpenjanja tudi manj
izkuSenim operaterjem.

which is low compared to the 12,7% estimation error
of'the analytical model. The described procedure with
the use of an ANN is fast, simple and efficient.

6 CONCLUSION

With the developed model we have significantly
reduced the time of producing the fixture (15%) and we
have reached a greater manufacturing accuracy. With the
described system it is possible to anticipate and prevent
any defects on the workpiece during the clamping and
machining process. During the research we found that
by taking the friction into account the value of the required
clamping force as well as the number of the required
clamping elements decreased significantly. The FIXAN
program reduces the planning time for the machining
process; it even allows inexperienced operators to prepare
high-quality clamping drawings.
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