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1. Introduction

Quality impact research becomes an integral part
of new product and process development. Customers re-
quire permanent improve of product properties and in-
crease variety of types. Designers seeking the higher prod-
uct value and better properties have to apply more compli-
cated geometrical form and qualitative parameters. These
challenges raise the probability of errors in both the prod-
uct and process development, and manufacturing. Manu-
facturers avoiding errors have to increase the efforts to
quality warrant, which raises the quality costs. The ten-
dency in many organizations is to think of quality costs in
terms of what is visible: scrap, rework, returns, warranty
service, claims and the like [1].

The reasons of quality cost, however, often lie in
the early stage of a new product and process development
that are not visible, or are sorely to foresee it. This is very
urgent in high variety and low volume manufacturing [2].
Developed new properties of a product can create quality
problems during manufacturing, if designer had not solved
them at the early product design stage. Impacts of a prod-
uct modular design on agile manufacturing [3] emphasiz-
ing creation easiest of production and quality product al-
ternative. The well-known Worst case and Root sum
square models [4] and Tolerance allocation method [5] in
low volume manufacturing is inadequate.

The research of this paper exams the quality af-
fects to the new product design properties and characteris-
tics in high variety and low volume manufacturing. It ac-
cented the factors causing errors and defects in product
design and manufacturing. The new methodology verifying
and estimating product quality in its life cycle phases is
proposed and discussed in this research.

2. Quality impact to product development

The developed methodology to verify and esti-
mate product quality in its life cycle phases is able to act
and appraise the errors and their probability in product and
process development, production stages and influence of
the human factor on originate errors. Starting to appraise
errors in product development and design procedure, or-
ganization can earlier make the necessary corrections and
foresee the appropriate decisions in later activity steps. The
virtual prototyping and rapid prototyping processes ex-
tended to the virtual reality technologies must be widely
used in this stage. New product developer particular atten-
tion must pay to the user requirements, creating and apply-
ing specialized techniques for this aim [6]. On the other
hand the designer has to check process cost [7] and quality
cost [8] for the product developed at the early design stage.

Product production stage realizes requirements of
finished product design and has a small influence on manu-
facturing and quality cost. The latter can increase and fluc-
tuate over tolerances, when insufficiently operates quality
management system in organization [1] or product and
process design is imperfectly made. The probability for an
error to occur in both the product and process design and
manufacturing depends on many factors as product com-
plexity, applied inter-discipline modules, human skills and
experience, striving novelties and challenges in new prod-
uct development and so on.

Acquirement of statistical data and errors prob-
ability in product and process development and manufac-
turing is very useful technique to quality impact research.
A basic assignment of errors and defects probability and
reasons can be conveniently characterized by the following
functions that map the statistical distribution in different
phases of product design and manufacturing
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where E1 is the product’s design error probability, D; is the
set of design factors influencing the errors and imperfec-
tions greatness.

Quite often, £1 specifies a percentage measuring
level and is defined empirically or applying expert’s
knowledge. The knowledge base (KB) creates many best
cases of design error probability for various products and
sets of design factors. The Eq. (1) helps the designer to
find a minimal number of errors and defects seeking higher
product’s properties and characteristics applying DFX
methodology. The created analogous expressions of other
phases are able to estimate their errors and defects.
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where E2 is the product’s process design error probability,
P; is the set of process design factors influencing to the
errors and imperfections.
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k=1

where E3 is the manufacturing factor of error probability,
M, is set of manufacturing factors acting to the product
errors and defects.

The Eq. (3) helps managers of production divi-
sions seeking higher productivity and products quality in
managing divisions’ activity.
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where E4 is the human factor of error probability, H, is the
set of human factors influencing the errors and defects in
all phases of product development and manufacturing.

Egs. (1-4) can separately estimate and forecast the
errors probability of each phase of product development
and manufacturing. The objective of mentioned equations
is to specify the greatness of available errors and defects.
They are valuable seeking minimum of each phase errors.
In reality, developing and producing products, the interfac-
ing of phases is fixed and errors from one phase mutates to
the other increasing initial error. Considerations of sheet
metal products development and manufacturing show that
the value of E1-E4 fluctuates in the margins of 0-0.06 and
depends on the product and process complexity and pro-
duction volume. The evaluation of an aggregate error mu-
tation among all product development phases is available
as follows

E5 =AEV)U(E2)U(E3)U(E4) (5)

where ES5 is aggregate factor of error probability in product
development and manufacturing.

In an ideal case, E5 =0, when E1 = E2 = E3 =
= E4 =0 or is equal to wane small values; conversely, £S5
fluctuates from 1 to 100%, i.e. when the product has de-
fects or errors, or at least is totally unqualitative when er-
rors and defects in separate product development and
manufacturing stages are not eliminated. The E5 value
probability in this case is calculated by the Evidence theory

[9].
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Fig. 1 Structural scheme of a first type product: where
CP1, CP2, ..., CPn is a number of first product
type, PC1, PC2, ..., PCm is a number of assembling
units; OP1, OP2, ..., OPp is a number of original
parts and D1, D2, ..., Dq is a number of design fea-
tures

The developed methodology is suitable to con-
sider the two types of products: 1) composed of some as-
sembling units, original and standard parts and purchased
components, and 2) original parts composed of various
design features with different qualitative-quantitative pa-
rameters (Fig. 1).

The presented research has been made in both

laboratory and industry. The theoretical aspects of quality
impact to the first type product’s design properties and
characteristics have been created applying industry statisti-
cal data and mathematical modeling methods. The verifica-
tion and validation tests for the developed research have
been conducted in laboratory. Some companies of Lithua-
nia took part conducting the acceptance tests of that re-
search. Research results chapter illustrates how the devel-
oped methodology suits to the real industry problems.

3. Research results

A sequence of developed research experimental
testing is shown. A typical mechanical product — a recu-
perator with various original and standard parts and pur-
chased components has been taken. Lithuanian company X
produces these products of different capacity and different
purposes.

The main task of the recuperator is to clean, heat,
to supply fresh air, and to exhaust used air. For heating of
supplied air, the power of exhausted air is used. Air heaters
of the considered air-handling units are electrical; the units
have electronic communication fans with backward-curved
impeller. More than 50 recuperators of different airflow
capacity were investigated. The investigation of different
recuperators (with maximum capacity requirements 400;
1500; 1900; 2000 m*/h and other) was carried out. Analy-
sis of characteristics — differential pressure Ap, output and
input airflow productivity ¥ was made. Dependences be-
tween characteristics and construction parameters of the
product were determined.

Multiple nozzles in a chamber (Fig. 2) determine
flow rate. The calculation of flow rate is made according to
the methodology given in standard EN ISO 5167-1 [10].
The purpose of these calculations was to set up dependence
of flow rate on differential pressure.
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Fig. 2 Scheme of a test chamber: / — test fan inlet; 2 — test
fan outlet; 3 — pressure measurement section in an
inlet-side airway; 4 — throat or downstream tapings
for Ap for an inlet-side measurement; 5 — upstream
taping for Ap, p..,3 — constant pressure; Ap is differ-
ential pressure; p.s — pressure upstream of the flow
meter

Flow rate of the fluid is calculated as follows

V =3600—dn____ (6)
psgl /RW®sg1

where g, is the mass flow rate, which passes the vent dur-



ing the time unit; p,, is stagnation pressure; Ry is constant
of humid air; @, is air flow, passing the fan.

2

Gn = aeﬂdT 2pAp (7

where « is flow rate coefficient; ¢ is expansibility coeffi-
cient; d is diameter of the tap; p is air density; Ap is differ-
ential pressure.

Pyt = Pesgs T Pa ®)
where p, is atmosphere pressure during the experiment.

The differential pressure Ap was changing from

the maximum to minimum [10] meaning for the recupera-
tor, which required airflow rate capacity ¥ is 400 m’/h.
According to the calculation methodic of dependence be-
tween differential pressure and flow rate of the fluid, given
in the standard, supply and exhaust flow rate ¥, m’/h was
estimated. The results are given in the Table 1.

Table 1
Flow rate capacity of the supply and exhaust air
Supply Exhaust

Ap, Pa V, m’/h Ap, Pa V, m*/h
518 0 418 0
458 65 375 65
390 105 347 101
278 194 235 171
238 215 211 198
210 228 186 213
170 255 152 236
120 290 111 274
75 318 72 301
29 348 27 328
0 362 0 361

Analogical experiments were fulfilled with differ-
ent recuperators with different requirements for the airflow
rate capacity.

Experiments of different parameters, characteris-
tics and assembly units influence on the supply and ex-
haust airflow rate capacity where fulfilled.

Characteristic of some recuperators with different
airflow’s rate capacity requirements were investigated. The
dependence of airflow rate capacity on differential pressure
was set. Influence of construction parameter’s inaccuracy
on the main recuperator characteristic (airflow rate capac-
ity) was investigated.

Fig. 3 shows the range of airflow productivity
when differential pressure is changing from maximum
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meaning to 0. Maximum airflow productivity is lesser the
mark (400 m*/h).
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Fig. 3 Dependence between airflow rate and differential

pressure (required max airflow rate 400 m*/h)

Fifty measurements of airflow productivity were
performed. They were grouped into clusters, completed of
5 individual measurements (Table 2). Fig. 4 shows the dia-
gram of average airflow dimension before process correc-
tion. This diagram shows that the average airflow produc-
tivity is lesser the mark.
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Fig. 4 Diagram of average output airflow productivity di-
mension before process correction

Average meaning of the airflow productivity must
be 400 + 20 m’/h. Diagram of the average output airflow
productivity shows, that the average meaning is 360 m’/h.
That means that these products are not working according
to the requirements and are not suitable to be delivered for
the customers.

Table 2
Maximum airflow rate capacity before process correction
Nr. 1 sample | 2 sample |3 sample | 4 sample | 5 sample | 6 sample | 7 sample | 8 sample |9 sample | 10 sample

1 420.0 400.0 455.0 315.0 397.0 310.0 355.0 300.0 310.0 300.0

igg EZE 2 390.0 310.0 400.0 410.0 398.0 355.0 345.0 325.0 325.0 315.0
T=40m*/h 3 320.0 390.0 320.0 380.0 330.0 320.0 310.0 360.0 350.0 320.0

4 340.0 330.0 330.0 360.0 400.0 400.0 380.0 400.0 450.0 410.0

5 420.0 410.0 350.0 310.0 320.0 300.0 390.0 390.0 360.0 350.0

378.0 368.0 371.0 355.0 369.0 337.0 356.0 355.0 359.0 339.0

IR 100.0 80.0 135.0 100.0 80.0 100.0 80.0 100.0 140.0 95.0
o 41.183 40.199 50.239 | 38.210 | 36.078 | 36.551 28.178 37.947 48.826 39.038




Fig. 5 presents dimension 400 + 20 m’/h range
values before process correction. Testing results obtained
are not suitable (point 5) because it is over warning line.
Standard parts of the recuperators were changed and ex-
periments were repeated. Meanings after displacement of
standard parts show better result, but it is not proper.
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Fig. 5 Diagram of dimension 400420 m’/h range values
before process correction

Fig. 6 presents the diagram of average airflow
dimension after replacement of standard parts. It shows
that the average meaning is good, but the process is not
steady, meaning in point 10 reaches upper action line. Af-
ter such correction, results are better, but not proper.
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Fig. 6 Diagram of average output airflow productivity di-
mension after replacement of standard parts

Second step was precision investigation of recu-
perator construction parameters. Design features of recu-
perator’s housings were examined. Holes of the recupera-
tors’ housing were measured. Diameter of the holes must
be 7+ 0.1 mm.

Fig. 7 illustrates the diagram of average diameter
of the holes before process correction. It shows, that mean-
ings are not satisfactory — meaning in point 4 is below the
lower action line, meanings in points 5 and 8 — are over the
warning lines. The process is not statistically controlled, so
we suppose, that variance of constructional parameters has
influence on airflow productivity of recuperators, because
loses of airflow start up because of nonquality housing
plates.

The means to improve airflow productivity were
sought — other ones replaced standard parts, precision of
construction parameters was investigated. The diagram of
average airflow dimensions after process correction is
shown in Fig. 8. The process after correction became statis-
tically controlled — meanings are arranged in even distribu-
tion, average meaning is in the range of tolerance, values in
different points do not exceed warning lines (Fig. 8).

The dependence between supply-exhaust airflow
productivity and differential pressure of recuperators with
required airflow productivity of 400 m*/h after process cor-
rection is presented in Fig. 9.
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Fig. 8 Diagram of average output airflow productivity di-
mension after process correction
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Fig. 9 Dependence between airflow and differential pres-
sure recuperators (400 + 20 m’/h) after process cor-
rection

Airflow productivity, obtained after improving
parameters of design features (holes for cramp of recupera-
tor housing), meets the requirements.

4. Discussions and conclusions

The research in this paper presents quality impact
to the product design properties and characteristics. New
product development is a permanent solution at contradic-
tions arising among product properties and manufacturing
cost. Latter parameters destine the success of a developed
product. Product development and manufacturing cost
have a significant influence on the total product value. The
developed methodology to verify and estimate product
quality in its life cycle phases can help to improve product
quality in early development stages.

The method that has been described in this paper
accomplishes the objective of this research. However, this
is not the only method currently available. It has its advan-
tages and disadvantages. The advantages are several: the
originated methodology simultaneously verifies errors and
appraises their probability in product and process devel-
opment and manufacturing stages. The mathematical for-
malization helps fixing errors probability in all product life



cycles. The principal shortcoming of the developed meth-
odology is intangible acquirement of product and process
design factors influencing the errors and imperfections.
Briefly, we can conclude as follows:

1. the created methodology to verify and estimate
product quality in its life cycle phases helps to appraise
errors at the early product development stage;

2. it is able to define errors and defects probabil-
ity in product and process development and manufacturing
phases that helps to avoid them;

3. the mathematical formalization of the devel-
oped methodology increases chance to implementation.
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D. Cikotiené, A. Bargelis

KOKYBES [TAKOS KONSTRUOJAMO GAMINIO
VERTEI IR CHARAKTERISTIKOMS TYRIMAS

Reziumé

Straipsnyje pateikta metodologija, kuri leidZia nu-
statyti ir jvertinti gaminio kokybg kiekvienoje jo gyvavimo
ciklo fazé¢je. Nustatomos ir jvertinamos klaidos ir juy atsira-
dimo tikimybé gaminio ir gamybos proceso kiirimo stadi-
jose, taip pat Zzmogaus veiksnio itaka klaidy atsiradimui.
Sukurta matematinio formalizavimo metodika klaidy vi-
sumos kitimui visose gaminio gamybos stadijose ivertinti
leidzia nustatyti klaidy kaupimosi imonéje priezastis. Su-
kurtos metodikos efektyvumas patvirtintas eksperimenti-
niais tyrimais.

D. Cikotiené, A. Bargelis

RESEARCH OF QUALITY IMPACT TO THE
PRODUCT DESIGN PROPERTIES AND CHARACTER-
ISTICS

Summary

This paper deals with developed methodology to
verify and estimate product quality in its life cycle phases.
It is able to act and appraise the errors and their probability
in product and process development and production stages,
and influence of the human factor to originate errors. The
developed mathematical formalization of an aggregate
error mutation among all product development phases
helps to find the reasons of errors accumulation in organi-
zation. The created research contains a case study.

. Yukotene, A. baprsiuc

NCCIIEJOBAHUE BJIIMAHNA KAYECTBA HA
CTOUMOCTD U XAPAKTEPUCTUKU
KOHCTPYUPYEMOTI' O U3JEJINA

PeszowMme

B ny6nukanuu npencTaBieHa METOAOJOTHS, IO-
3BOJISIOINAS] YCTAHOBUTD U OLCHUTHh KaYeCTBO M3AEIHS Ha
KaXJI0W (ha3e LMKIA ero CyllecTBOBaHHs. YCTaHaBJIMBa-
OTCA U OLICHUBAKTCA OH_II/I6KI/I 1 BCPOATHOCTHU UX BLISABJIIC-
HUA Ha CTaguAX MNPOCKTUPOBAHHA U3JACIUA W pPa3sBUTHUA
MIPOM3BOJICTBEHHOTO IIPOLIEcca, a TaKXKe BIMSHUE YelloBe-
yeckoro (pakTopa Ha BO3HMKHOBeHHE ommOok. CozmaHa
METOAMKAa MaTeMaTHYeCKOH (OpMalM3aliy W3MEHEHUS
KOJIMYECTBA ONIMOOK HA BCEX CTAAMAX Pa3BUTHS M3IEIHA
TIO3BOJISIET YCTAHOBHUTH NMPHYMHBI HAKOIJICHHUS OIIMOOK Ha
npennpuATHd. OQPQPEKTHBHOCTh CO3JAHHON METOAWKH
MTOATBEPIK/AICHA IKCTIEPUMEHTAIBHBIMHU HCCIICIOBAHMSIMHU.
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