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1. Introduction

21st century often is named as a knowledge soci-
ety. Knowledge acquirement in manufacturing science
plays very important role seeking better productivity and
competitive ability. Plastic is one of the most versatile ma-
terials in the modern manufacturing environment and is
widely used in many products design. The injection mold-
ing process is the most common molding process for mak-
ing plastic parts. The engineering tasks involved in injec-
tion molding are the design of part geometry, machining
and polishing of mold cavities / core surfaces and cooling
lines, mold assembly and test. The approach Design for X
(DFX) widely is used in design of plastic parts and their
injection molds for achieving minimal manufacturing cost
and suitable quality. Concurrently this procedure involves
extensive heuristic knowledge about the structure and
functions of the components of the mold. It is the reason
for knowledge-based system (KBS) or Expert System (ES)
application [1]. These systems should support the decision
maker in handling poorly structured decision problems of
mold design. Conventional, nonconventional and combina-
tive methods developing KBS and ES can be used. The
application of both mentioned intelligent systems gains an
advantage in the following cases:

e organization seeks to decrease the volume of rou-
tine employees’ jobs;

e company often turns products;

e organization strives to increase the skills of young
designers and retraining of employees.

This paper presents the ES structure of injection
mold design and describes the knowledge-based method
for the definition of a cavity number in mold design. The
research provides a mold designer with an interactive
computer-aided design (CAD) system the appropriate
knowledge, rules and facts of injection mold design. The
development is tested on a plastic part with five different
production volumes.

2. Relative research

Common manufacture methods of plastic parts [2]
are presented in Table 1. Mainstream of plastic parts
manufacturing falls on injection molding that takes approx
75-85% of whole production volume. Plastic parts have
some advantages as follows: they are long-lived, their
geometrical form complexity does not influence the manu-
facturing process and cost. On the other hand, the relation
between material properties, dimensions, and surfaces
quality of a plastic part, and mold optimal design demands
these advantages.

Table 1
Manufacturing methods of plastic parts
Manufacturing .
method Application Examples
Various consumer
Injection mold- | Mass production of goods,
i gearwheels ,

ng 3D parts medicine tech-

niques and so on
Various 2-2.5 D
plastic parts as

holders, grates,

Prototypes, low

Hot stamping volume production

of 2- 2,5D micro- CD ROM proto-
structure parts types, holograms
and so on

Housings, reser-
voirs, holders,
levers and so on

Vacuum molds Prototyping

These parts have also drawbacks: high manufac-
turing cost and time of mold design and production, appro-
priate engineering knowledge and experience implement-
ing them are reasonable only at large production volumes
(not less than 5000-8000 pieces per year). No exchanges of
plastic part design can be done when the mold is made.
When geometrical form and dimensions of the part are
changed, substituting of mold design and manufacturing is
required. All mentioned factors, therefore, have to be
evaluated and considered before mold design.

Numerous publications deal with the peculiarities
of mold design applying conventional and artificial intelli-
gence methods. They include various plastic materials,
molding machines and methods, part geometrical form,
dimensions and size. An interactive knowledge-based
CAD system for mold design in injection molding proc-
esses [3] presents a practical prototype of artificial intelli-
gence design method in molding manufacture. It attempts
to tackle the problem in a practical and integrative way,
unlike the stand-alone and mathematical programs, which
have been developed in the past to solve only a part of the
problem. Total quantitative and structured approach is not
feasible in dealing with the complex and multirelated de-
sign problems generally involved in mold design. In this
development the computational module, the knowledge-
based module and the graphic module for generating mold
features are integrated within an interactive CAD-based
framework. Mold designers through interactive programs
can access the knowledge base of the proposed system.
The approach adopted both speeds up the design process
and facilitates design standardization that in turn increases
the speed of mold manufacture. Unfortunately, the de-
scribed system has no artificial intelligence methods for
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the definition of cavity number and the components of feed
system, cooling system and ejection system. These tasks
have been solved using standard or typical decisions which
optimal selection demands high skills of designer.

The problems of molding microparts and parts
with thin wall features are considered in source [4] as fol-
lows:

* injection molding of microcomponents easy to

apply in mass production;

* injection molding of components with two

microstructured sides;

* development of micropowder injection molding

for microstructured metal and ceramic compo-

nents made of carbonyl-iron 316 L, A,O; or ma-
terial ZrO,;

« reduction of mold manufacturing cycle times.

The distribution of manufacturing cost and quality
are emphasized in source [5], when feed system of injec-
tion mold has been heated. The time of plastic part manu-
facturing cycle was decreased and feeding marks on the
parts were removed. The systematization of plastic parts
molding errors [6, 7] is made and the methods how to
manage the errors of plastic parts design and molding pro-
cedures are proposed. The methods, consequently, how to
remove errors and defects are foreseen. This development
can increase the competitiveness of plastic parts manufac-
turing organization due to lower cost and better quality.

Specialized software Moldflow [8] is applied for
the solution of filling mold problem in accordance with
these factors: inside mold pressure, temperature and mate-
rial. High accuracy of programmed and experimental re-
sults during software Moldflow testing and validation was
outlined.

High-tech molding technologies [9] present nov-
elties in plastic parts manufacturing processes. There co-
injection (sandwitch) molding, multicomponent injection
molding, microinjection molding, gas-assisted injection
molding and water injection molding are described. In or-
der to survive in a hostile and competitive world, organiza-
tions need to do two things — to adapt and change the prod-
ucts and services, which they offer, and to adapt and
change the ways in which they produce these. These two
concepts are termed “product innovation” and “process
innovation”. It is clear that today’s environment is rich in
opportunities for technological change. Instead, much de-
pends on how well companies manage the overall process
of technological change — how they recognize the impor-
tant signals about threats and opportunities in their market
place, how they interpret those signals and create a viable
strategy, how they acquire the technological resources and
knowledge that they need and how they are able to learn
from the experience.

Institut Kunststof Verarbeitung (Aachen) during
latter years developed plastic molding machines, molds
and molding technologies for microparts and thermoplasts
manufacture [10]. The mold feed system with minimal
molten plastic material doze were created and investigated.
This development reduced the consumption of plastic ma-
terial to 75-90%. The match of parameters between plastic
molding machine and mold has been carried out. The sta-
tistical analysis methods applied for the definition of
abovementioned parameters and errors are found in this
research.

47

Application of KBS and ES methods for mold de-
sign and definition of its parameters can be supported and
provided in two situations: first in the choice of relevant
and available information, second, in the choice of tools
which can be used to apply this information, and in the
interpretation and estimation of results.

3. Expert system architecture for mold design

Our development consists of two parts: 1) general
ES architecture created on the macro level for injection
mold design, and 2) knowledge-based system for the defi-
nition of a cavity number to injection mold design.

ES architecture is presented on the Fig. 1. It con-
sists of four subsystems:
1. cavity number definition;
feed system definition;
cooling system definition;
molded part withdrawal.
The created ES is appointed to the design of injec-
tion molds applying artificial intelligence for parts from
thermoplastics. The input data for injection mold design is
part’s production volume and delivery time, its geometrical
form, dimensions, mass and quantitative-qualitative pa-
rameters and moulding machine characteristics as well.
Acording to these data the injection mold parameters are
defined. Four interfaces in ES architecture are developed to
quarantee of subsystems the independence and conse-
quence work. Each subsystem has its own knowledge base,
inference engine and database. Inference engine and
knowledge base provide solutions to user via user inter-
face. There is dual possibility of data control — automatical
and manual.

2.
3.
4.

Table 2
The advantages and disadvantages of knowledge
processing
Advantages Disadvantages
Expressive It is necessary to provide
Widely used practical knowledge
Well compiled It is expensive to estimate
Fuzzy - | Effectively handled and check the factors
heuristic and uncertainty
easy broadened It is difficult to formalize
data with complicated
structure
Easy to dispose and | It is complicated to pre-
Case- SO .
based to apply sent links in chains
. Easy to complete It is hard to check CBR
reasoning L
Easy to statistically work
(CBR) .
estimate
It demands high It is often used a part of
Modeling | investments to de- model only
velop

Leading aspect of developed ES structure is the
presentation of necessary knowledge and their processing
in injection mold design. Three methods are used for
knowledge presentation and processing — fuzzy-heuristic,
case-based reasoning (CBR) and modeling. The advan-
tages and disadvantages of abovementioned methods are
presented in Table 2. The knowledge and design methods
applied in each ES subsystemare very different, therefore,
each subunit has its own knowledge base.
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Input part Input part Input part Input part
data data data data
Facts, rules Facts, rules Facts, rules Facts, rules
& examples & examples & examples & examples
Definition Definition Design of Part
of cavity of molding cooling sys- withdrawal
Interface number Interface system Interface tem Interface
DB DB DB DB

DB

Text - book

Fig. 1 Expert system structure of mould design

3.1. Knowledge-based method for cavity number definition
in injection mold design

Cavity number in injection mold design is one of
key factor, because it determines the mold dimensions,
mold and part manufacturing cost, and at least part deliv-
ery time to customer.

Knowledge-based method for cavity number defi-
nition was applied and analitical, fuzzy-heuristic and case-
based reasoning manners for necessary knowledge, facts
and data acquiring were used.

This task included consideration of undifined
variables as follows.

e Variable that estimates part delivery time to cus-
tomer 7, which indicates how many parts it is
necessary to mold contemporaneously.

e Variable that estimates the complexity of mold
production r,.

e Variable that estimates the qualitative cavity
number 7, of mold; it indicates how many parts it
is possible to mold contemporaneosly with good
quality. Variables n, and n, in accordance with
metodology [11] are as follows

K,t L
n, = (1
L
K, t L
— A ¢ 2
£ 0.7t @

where K, is defect factor; 7. is part mold cycle time; L is
production volume; #, is part production volume delivery
time to customer; #, is one cavity mold manufacturing
time.

The variable of mold qualitative cavity number 7,
is defined by the experience of designer [11], unfortu-
nately, this is not good-based practice in many cases in
particular for small and medium enterprises and when the
designer has not enough experience.

On the other hand the mold cavity number ac-
cording to the alone variable of qualitative cavity number
would be not suitably grounded, therefore in this paper the
mentioned parameter is defined by three criterions as fol-
lows: 1) relation among cavities maximum area Sj clamp-
ing force and mold internal pressure, 2) maximum part
mass mp and 3) molding machine dimensions S,,.

3.1.1. Definition of mold cavity number according to the
clamping force

The mold cavity number according to the clamp-
ing force is available for analitical definition [2], but to use
this definition automatically is uncovenient and difficult,
therefore Fuzzy theory [12, 13] for this aim in this paper
was applied. The results received by Fuzzy theory are
available to express graphically and digitaly. This possibil-
ity can simplify and it makes easy to understand the design
results.

Fuzzy theory and logic for various engineering
and design tasks can be used by Fuzzy—Control structure

(Fig. 2).
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Fig. 2 Fuzzy — Control structure

Fuzzification is called a procedure when objec-
tive variables are described by mathematical expressions
and functions (Fig. 3 and Fig. 4). Fuzzification process is
as follows:

e definition of lots;
definition of dependency function.
In the case of mold cavity number definition ac-
cording to clamping force the fuzzification process of in-
ternal mold pressure p was carried out as follows: accord-
ing to the data in sources [2, 11] it was stated that p fluc-

tuated in the range of 100 — 700 MPa. It was stated, if p =
=0 MPa, so quantity = 0 and when p = 700 MPa, so =
=1 and applying these data the dependency among mold
internal pressure and x was created (Fig. 3).

Clamping force F via p and molding machine
type were expressed as follows: to the molding machine
M, (Table 4) when F,,;,= 0 kN, that =1, and when F,,,, =
=600 kN, that 2= 0.

The same methodology was used obtaining de-
pendences to the rest molding machines (Table 3) and
keeping consecutive variation of clamping force from 0 to
3500 kN (Fig. 4), and holding continuity of clamping force
among molding machines. Such continuity dependences
have been formulated applying the following expressions

F‘min([) = Enax([—]) _k,Whel'l U= 0
Ezid.(,‘) = Fmax(,,l), when p =1 (3)
Fn=F . when u=0

max(i) =+ max(i)
where i is molding machine from number 2 to j; j is molding
machines number; k is coefficient evaluating the coincidence
of clamping forces among different molding machines. It
estimates the secure coincidence interval of clamping forces
of applied molding machines going from force minimum to
maximum, and it is used in this research 250 kN.

The clamping force values of molding machines
are calculated using expression (3) and their graphical
form is presented in Fig. 3.

The dependence of available molding area S, for
considered machines (Table 3) has been calculated using
the methodology presented in source [2]

4)

It variates from 0 to 350 cm? for all considered
machines and graphical dependencies are analogous as
clamping force.

Inference section is divided to hold the created
rules and dependences (Table 4); the inference section was
created applying the following procedures:

e rules development;

e definition of operators ”and*, ”or*,”if** and so on.
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Table 3
Molding machines’ characteristics
‘ Clamp- Srew Clearance
Mark Mouldmg ing force diame- bgtween
machines ter tie bars
F, kN
D,mm | bx/ mm
ALLRounder
M, 370 S 600-350 600 55 570x570
ALLRounder
M, 420 S 800-350 300 45 570x570
ALLRounder
M, 420 S 600-675 800 55 570x570
MAXIMA MV
M, 200-1540 2000 70 560x560
MAXIMA MV
M 350-1540 3500 70 710x710
Table 4

Inference rules fragment among molding machines, inter-
nal pressure and available moulding area

Machine
Pres
M M. M. M, M.
sure 1 2 3 4 5
cavities | cavities | cavities | cavities| cavities
P area area area area is area
is Rl is R2 is R3 R4 is R5

Defuzzification section is divided to define the

mold design parameters as follows:
e defuzzification method selection;

rezults submission.
In this paper linear defuzzification procedure
finding parameter maxmimum and minimum values [14]
has been chosen. The advantages of this method as simple
calculation procedure and simple programming task could
be expressed. Applying this method mold internal pressure
has been calculated as follows

Sy = Yo+ (1= 1) (Vo = ¥0) )
where y, is minimum value of initial molded area for the
appropriate molding machine when x = 1; y,,,, 1s maximum
value of initial molded area for an appropriate molding
machine when x= 0; 4, is real g value defined according
to fuzzification and inference interfacing (Fig.4 and
Fig. 5).

When maximum available molding area is de-
fined according to the clamping force and internal pressure
then maximum number 7 of consiquently-molded parts

can be calculated

(6)

3.1.2. Definition of mold cavity number according to
maximum molded part mass

Molded part mass is another important parameter
influencing the cavity number in mold design. The mold-
ing machine type and molded material together with part
mass are the necessary data and knowledge for decision-
making. ES structure (Fig. 1) contains two databases (DB)
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about available molding machines and materials, which are
used for the definition of molded maximum mass mp and
cavity number #,, [2]

my, =0.75D" zp @)
where D is screw diameter; p is material density.
n, =L )
m

where m is real molded part mass.

Essential data for expressions (7) and (8) are se-
lected automatically by established rules without designer
participation. The rules fragment applying if-then operator
is as follows.

1. If molding machine M, is applied and part material
is DM, then screw diameter is D; and material density is
p, and maximum part mass is #,, .

2. If molding machine M, is applied and part material
is DM, then screw diameter is D, and material density is
p, and maximum part mass is #,, .

3. If molding machine A; is applied and part material
is DM, then screw diameter is D; and material dencity is
p, and maximum part mass is m,, .

4. If molding machine Mj is applied and part material
is DM,, then screw diameter is D; and material dencity is
p, and maximum part mass is #,, .

3.1.3. Definition of cavity number according to the mold-

ing machine dimensions

The useful working area of moulding machine is
significant constrain seeking optimum cavity numbers in
mold design. It is necessary to calculate maximum molding
plate area S, of molding machine, which constrains the

available cavity number in the mold

S,=kb,l, 9
where k is coefficient estimating parameters of feed, cool-
ing and injections systems; b, ir /, are maximum length

and width of mold area.

Essential data for expression (9) is selected auto-
matically by established rules without designer participa-
tion. The rules fragment applying if...then operator is as
follows.

1. If maximum mold plate area is < 313600 and mold
feed canal is trapezium then £=0.7;

2. If maximum mold plate area is < 324900 and mold
feed canal is trapezium then k=0.75;

3. If maximum mold plate area is < 504100 and mold
feed canal is trapezium then i=0.8;

4. If maximum mold plate area is < 324900 and mold
feed canal is round then £=0.85;

5. If maximum mold plate area is < 504100 and mold
feed canal is round then £=0.9;

The available cavity number n, according to

maximum molding plate area S, is calculated as follows



S
- (10)
S,

Ny =

where S, is part maximum area.

A variable that estimates the qualitative cavity
number 7, is defined as follows

(11

n, = min(ns,nm,nsk) .
4. Case study

Theoretical part of this paper developed knowl-
edge — based method for the definition of cavity number in
injection mold design. Case study presents experimental
investigations of the developed method and discussion of
the results. The experimental data of Company X including
available moulding machines (M;, M,, M3, M,, Ms) have
been used. Part initial data are illustrated in Tables 3 and 5,
and Fig. 6.

Table 5
Part dimesions
Diameter, Height, Part area, Part mass,
mm mm mm?> g
12.5 6.2 120 3.05

First stage of experimental investigations is the
definition of mold cavity number according to part deliv-
ery time n, and mold complexity 7, . After estimation of

these data, the qualitative cavity number n, was defined

according to molded part mass, molding machine dimen-
sions and clamping force. Variables n, and n, are calcu-
lated by Egs. 7-10; cavity number is defined according to

clamping force by developed Fuzzy method, which is con-
sidered here more in detailed case.

I
i : i
=
]
= 1.520.1 =
@10.5005
RO.5
& rB Fspind.

&

3 hnamas

E11.50.05

@12 5+005

Fig. 6 Moulded part 3D CAD model
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Table 6
Experiment initial data
Fa | Prodton | DA g

1 Cover 50.000 6 months PA

2 Cover 100.000 6 months PA

3 Cover 250.000 12 months PA

4 Cover 100.000 12 months PA

5 Cover 100.000 15 months PA
nq
35 7 I 1
30 1
25 1
20 1
15 1
10

M, M, M3 M, Ms

Moulding machines
[ Cavity number 7 according to the dimensions of
mould plate area

[ Cavity number n,, according to the moulded part mass

Cavity number 7, according to the clamping force

Fig. 7 Definition of mold cavities number according to the
molded part quality requirements

The molding machine M, for the considered

molded part (Fig. 6) was selected; internal pressure in this
case is p =100 MPa and maximum clamping force of

molding machine M, isF,, = 600 kN, then x, =0,15
(Fig. 3) and u,, =0 (Fig. 4). There is valid first rule that

outlines if M, and internal pressure p, then available

molded area is R;. There is used operator and, minimum
value of two available alternatives is chosen

min (x, =0.15and g, =0)=0.

Maximum molded area S, of molding machine

M, have been calculated by graphic (Fig. 5) and expression
(5) as

S, =0+(1-0)(60-0)=60 cm’

Maximum molded area of the rest molding ma-
chines M,, M3, M4, Ms is calculated analogouosly. Datan,,

n, is ny are defined by expression 10.

The received testing results of mold cavity num-
ber definitions are presented in Figs.7 and 8.

It is necessary to take into account these notes be-
fore achieved results estimation:

Determined parameter for molding machine selec-
tion is qualitative cavity number n,; when n, > n, and
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Fig. 8 Experimental results

n,z n,, then such molding machine is available to ex-
ploit.

If n, < n, and n,< n,, then is necessary to in-

crease the molded part delivery time or to take another
molding machine.

Concluding the testing results of knowledge-
based method (Fig. 8) for the definition of mold cavity
number, it is available to outline:

e in the case of experiment 1, the cavity number n =5
and molding machines M, and M; can be exploited be-
causen, =1, n, =5 and n,=6;

e in the case of experiment 2, the cavity number n =
=10 and molding machines M; can be exploited be-
causen, =2, n, =10 and n, =15;

e in the case of experiment 3, the cavity number n =
=18 and molding machine Ms can be exploited
because n, =13, n, =18 and n, =25;

e in the case of experiment 4, the cavity number n =
=10 and molding machine M, can be exploited
because n, =1, n, =10 and n, =15,

¢ in the case of experiment 5, the cavity number n =
=6 and molding machines M, and M; can be exploited be-
causen, =1, n, =6 and n, =6.

5. Further research

On the base of this research, it is planned to inves-
tigate other possibility to use artifical intelligence (Al) for
design feed, cooling and ejection systems in injection mold
design.

6. Conclusions

The development of an expert system structure for
injection mold design and knowledge-based method for
definition of mold cavity number has been desribed in this
paper. Injection mold design generally involves complex
and multirelated design problems and thus has a complete
qualitative and structured approach. The structure of pre-
sented expert system facilitates the design procedure of
injection mold, finding mold elements data by the knowl-
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edge-based solutions ant their final development into a
finished mold design is left to the mold designer, so that
his/her own intelligence and experience could also be in-
corporated into the total mold design procedure applying
standard CAD mold design software. Testing and valida-
tion results of knowledge-based method for the definition
of mold cavity number showed a good conformity with
practical designers’ decisions in Company X.
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liejimo formy projektavimui automatizuoti. Sukurta eks-
pertiné sistemos struktiira liejimo formoms projektuoti. Ja
sudaro keturios sudedamosios dalys: liejimo lizdy skai-
Ciaus nustatymas, liejimo sistemos parinkimas, ausinimo
sistema, detalés i§émimas. Straipsnyje pla¢iau iSnagrinétas
liejamojo presavimo formos liejimo lizdy skaiciaus nusta-
tymas. Duomenims pavaizduoti ir apdoroti buvo panaudo-
tas ziniy bazés metodas ir Fuzzi teorija. Sukurtos Zziniy
bazés metodo patikimumas formos liejimo lizdy skaiciui
nustatyti buvo patikrintas eksperimentiniais tyrimais ir
priémimo bandymais.

7. Rutkauskas, A. Bargelis, G. Linf

KNOWLEDGE-BASED METHOD FOR CAVITY
NUMBER DEFINITION IN INJECTION MOLD
DESIGN

Summary

This paper deals with the application of intelligent
design system for injection mold design. Expert System
structure to injection mold design is developed. It consists
of four parts: definition of cavity number, feeding system,
cooling system, and molded part withdrawal. The defini-
tion of mold cavity number is widely considered. The
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knowledge-based method and Fuzzy theory for data pres-
entation and knowledge processing have been used. The
developed knowledge-based method for the definition of
cavity number has been tested and validated experimen-
tally.

K. Pytkayckac, A. baprsuiuc, I'. JIunc

METOJA 3HAHVS VA OTIPENEJIEHWS YU CIIA
JIMTEWMHBIX THE3 I IMTEMHBIX TPECCO®OPM

Pe3womMme

B cratbe paccmarpuBaeTcs MCIOJIb30BaHUE WH-
TEJUIEKTYaIbHBIX CHCTEM B TIpOLECCE IPOEKTUPOBAHUS
mutedHbIX npeccopM. Co3maHa CTPyKTypa SKCIIEPTHOU
CHCTEMBI IPOEKTHPOBAaHUS TUTEHHBIX (hopm. OHa cocTOHT
U3 YeTHIPEX YacTei: ompeeeHus Ynucia JUTSHHBIX THe3/,
BBIOOpA CHCTEMBI JIUTBS, CHCTEMbI OXJIAXICHHS, CHSATHS
nerany u3 ¢popmsel. s npencTaBiaeHUs AaHHBIX M UX 00-
paboOTKH HCHONB30BATHChE MeTOHA 0a3pl 3HaHUS U Dy33u
Teopusi. Hane>KHOCTh co31aHHOT0 MeToja 3HaHU AJIsl Oll-
peleneHnsl 4ucia JIMTEWHBIX THe3l Obula NpoBepeHa |
YTBEpIK/IeHa IyTeM 3KCIIEpUMEHTAIBHBIX NCCIIE0OBaHUH.
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