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Abstract: This work presents a case study referring to thg wawhich a complex product design is
linked to the manufacturing processes which areessary to make it. The product is a mobile cement
pump consisting of 8 sub-assemblies, 204 manufedttpart types and a total of parts in excess 000100
A custom coding system has been defined and impiedh@s a database application in order to
standardize design and, most importantly, selectspananufacturing processes and machine tools that
fulfill specific criteria. Use of such informatida demonstrated in detail for specific parts in tntext

of replacing previously employed manufacturing sses with new ones towards a more efficient
manufacturing system. Furthermore, parametric CNG@gpams were linked to parametrically designed
critical parts, such as a three-stage driving pulltepending on the motor employed. Automatingitike |

of design and manufacture substantially enhanceél pmduction rate and flexibility.

Key words: Part families, coding, manufacturing performancparametric design, design for
manufacturing.

1. INTRODUCTION products are addressed. Issues to be dealt withipeo
selection of the parts whose manufacturing prosesse
need modification [12] and to exploiting similagii and
variations in defining process plans [13] and
'aorresponding cnc part programs, where relevarit [14

In this work, coding and parametrization are pregos

In developing complex products, i.e. typically thos
with a large Bill-of-Materials (BoM), different
approaches regarding process flow and its manageme
have been proposed in literature [1]. Having sthidé

specification  drawing ~ using Quality ~ Function .5 <outions to the above mentioned issues, arid the

[E)r?gilggg]r?nng; i?d prr(f(lji\é?:t atr?gls prgg'essggncfer;iri‘:eapplication is demonstrated in the framework ofabite
appropriate data models and software tools [3]. [Esj3s cement pumping system consisting of hundreds dspar

is put on interfaces through Design-for-Manufaatgri as briefly described in Section 2. The coding $tme; its

d Desian-for-A bl d daril Design-f database implementation and exploitation are destri
?:n eslgn- orf- sseml_ yandsgcon a:clygn e_S(_gn_-I in Section 3. Parametric definition of a sample
ost, Design-for-Quality and Design-for-Sustairipi component (pulley family) is presented in Section 4
[4]. Agents, expert systems, optimization tools and

intelli v deoloved [5loid leading to parametric definition of a generic Conepu
Intelligent systems are generally deploye [_]0 ert0  Numerical Control (CNC) part program. Section 5
simplify parallel processes followed in product

. . . : summarizes conclusions and points to future ext@ssi
development, definition of part families is still a

prominent practice followed by simple techniqueshsu
as Value Engineering [6]. Manufacturing processgtes 2. PRODUCT STRUCTURE
has been linked to product design using genericga®

plans [7, 8] and_ generically defined and coded ehap SA and has been manufactured in evolving variantes
features [9]. The internet and, more recently, dlbased 1974. It comprises of eight subsystems, see Fig. 1.

approaches have been used as vehicles towards such The product consists of more than 1000 parts, one

implementations [10]. fifth of which undergo in-house processing, whertes

Oftenf, an exflstlng produc]:[ needs to.be llmproc\i/:d Mrest are bought as standard parts, mostly screums, n
terms of manufacturing performance, i.e. in or rtrings, bearings, O-rings, belts etc. The in-house

speed up its production and / or reduce the pertine manufactured parts are made of cast iron, strucsteel,

manlufactur|ngb cost far;]d / c|>r |mé)rovehqéjal|tyém'irh|s aluminium alloys and bronze, their initial shapénbea
Involves a sub-set of the tools and methods meaton .,qing  tube or sheet. Machining, drilling, grimgii

above [11] and becomes more interesting when Complewelding, bending, carburizing, electroplating areoag
the manufacturing processes employed. Conventional

The cement pumping machine is a product of Drakos
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since there are 15 processes, each one repredsntd
two-character code (Casting: CA, Drilling: DR, Imtel
threading:TH, Turning: TU, Planning: PN, MillingMI,
Grinding: FG, Gear making: TC, Carburizing: CB,
Nitriding: AZ, Electroplating:AN, Sheet cuttingMC,
Laser cutting: NC, Sheet bendinBE, Welding: WE).
Hence, this follows the absolute representationerah
the meaning of each sub-field does not depend en th
value of the other sub-fields. If any of these
manufacturing processes is not pertinent, thensOhe
value entered. In the example quoted, the manufagtu
process coding reads: 00DRO0OTUO0000000000000MC
000OWE. The 8 field is a 24-character representation of
the respective machine tool types, since there 1&re
types of machine tools that cover the full spectroim
manufacturing processes (Lathe: LA, MiML, Shaper:
PL, Drill: DR. Hob: HO, Machining centre: VM,
Grinder: FG, Sheet cutter: NC, Press brake: PBgetShe
bender:BM, Shearing machine: SH, Sawing machine:
_ o ES). Again, this corresponds to an absolute
In order to speed up production, it is necessary tQepresentation and, should a particular machine be

identify the parts whose manufacturing method shdel  jmpertinent, ‘00’ is the value entered in the resjve
updated as well as those which can be manufaciored coge part. In the example quoted, the machine tool

parallel. This can be achieved systematically, lif a ¢oging reads: LAOOOODR0O0O000000000000ES.
necessary information is first recorded in a dasabend Note that each manufactured part code is repregente
then filtered out via suitable queries, as desaribext. by a unique code identifying all sub-assemblieg/tich

this part belongs. All codes have the same lernigthp7
characters (including digits).

Fig. 1. Main product subsystems : (1) Frame incl. pumplshel
(2) Mation transmission; (3) Clutch; (4) Stirring)(Vibration;
(6) Pumping; (7) Cover; (8) Divided axle and wheels

3. CODING

3.1. Structure ) )

The coding system comprises both design and3-2- Databaseimplementation _
manufacturing information as summarised in Table 1. _ The coding system was implemented as a database in

There are 9 fields, the first of which denotes tyype Mlcrpsoft Accesg\"_ databasg mgnagement system. The
of part in 3-characters (manufactured part PCs,/ elational schema is shown in Fig. 3. The fully plaged
hexagonal head screws: HEX, allen screws: ALL, :nuts database occupies about 424 Mbyte of disk space.
NUT, elastomer parts: RUB, bearings: BEA, belts1 BE
bought parts: FIX). The application pertains to PCS
coded parts. The next four fields are devoted to a
hierarchical description of the sub-assembly-part
structure of the product. Each part belongs teastlone
and possibly to up to four nested sub-assembliass{f}
defined by two digits each. There are 8 top-leuéd-s
assemblies, see Fig. 1, 6 of them having seconrel lev
sub-assemblies. For instance, the pumping sub-&égem
(06) possesses 4 different second-level sub-asgsmbl
(Sassy2), one of which is the cam-crank-tappetesyst
(03), see Fig. 2, which, in turn, possesses 3 sub-
assemblies (Sassy3), one of which is the tappét [0k
latter has one sub-assembly (Sassy4), namely fipeta

Fig. 2. Sliding ring cylinder coded.

shell (01), which, in turn, has 3 parts, one ofahhis the
sliding ring cylinder (03), see Fig. 2. Therefotlge code
of this part is: PCS.06.03.01.01.03. If some sideambly
in the hierarchy does not exist, the respectiveededO.

SUBASSEMBLY3

. SUBASSEMBLY4 |
w codd
cod3
sassyd

All in all, there are 18 second-level, 6 third-leaad one SUBASSEMBLYZ
fourth-level sub-assemblies. Manufactured partsuarno ggggyz TYPE
to 204. The ¥ field is a 30 character coding of the Y ApE
manufacturing processes required for the gpbthand, SRR
Sﬂiﬁfﬁwsm 4 [MANUFACTURED PARTS
Table 1 sy . F%?E“
Coding system p:coclli
) TGO MACHINE
Field | Type| Sassyl| Sassy2| Sassy3| Sassy4| Part| Proc| Mach ¥m_cod
Col 1 2 3 4 5 6 7 8
Char| 3 2 2 2 2 2 ]3€) 24 Fig. 3. Relational schema of coding database.
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Fig. 4. Database query form.

A query form to seek parts based on their
manufacturing process or the machine tool involoed
combination of both has been constructed in Ad¢ess
see Fig. 4. For example, if the parts manufacturech
lathe (LA) and a milling machine (MI) and underggpin
electroplating (AN) are sought, two parts are ested:
upper stirring axle (code: PCS040300000100DRTHTU
OOMIFGOO0000ANOOOOOO0OLAMIOO000000FG000000
0000) and lower stirring axle (code PCS040400000100
DRTHTUOOMIFGO00000ANOOOOO000LAMIO0000000
FGO0000000000). Similarly, if all parts that are
manufactured on a lathe and a drill are sought) @&
instances are retrieved.

3.3. Exploitation in processimprovement

A number of conventional manufacturing processes
were considered inappropriate in terms of accuracy Fig. 5. Parts involving conventional sheet metal cutting:
attained and lead time. Thus, replacement by ne&s on pump shell outer walb — upper stirring tank; — lower stirring
based on CNC machine tools was sought. In order to tank;d - belt tensioner base, tappet side wall, fixirzmnfle.
quickly pinpoint such processes and the parts iredl
the coding system was exploited. The second beneficial improvement pertains to

One of the exemplary processes for improvement wasnanufacturing of the casings and caps of the tagest
oxy-fuel cutting originally performed by hand ontale cast iron gear box and the aluminium casing of the
sheets. This involved a lot of manual work not ofdy ~ worm-crown gear box that are comprised in the nmotio
sheet metal cutting as such, but also for edgsHing  transmission sub-assembly, see Fig. 6. These iadolv
using hand-held tools. Besides, mediocre dimenkionaturning, milling, drilling and thread cutting opémns
accuracy led to many problems in part assembly. performed on conventional machine tools with a lead

This process was applied mainly to large partdheft time of 13 hrs and 8 hrs respectively. Lead timéhwi
frame sub-assembly (pump shell outer and internedia CNC machining dropped to 2 hrs and 1 hrs respdgtive
walls, see Fig. 5(a)) and of the stirring sub-addgrfor
both upper and lower tanks (outer, inner, perighera
wall), see Fig. 5(b,c). Note that parts that aré fiet
undergo forming after being cut. Oxy-fuel cuttingasv
also applied to smaller parts, mainly in the purgpsob-
assembly (side wall of tappet and fixing flange of
discharge pipe) as well as the belt tensioner baske
stirring sub-assembly, see Fig. 5(d).

Laser cutting of these parts for sheet thicknetezl)s
12 mm at a feed rate 1 m/min was suggested and the
corresponding processing time was calculated taikitoy
account the total length of cut, setup time (20)rsimeet
preparation and handling time for a batch size of 8
parts. Lead time for these parts ranged from 13an, Fig. 6. Gearboxes (two-stage (a) and worm-crown (b)) and
i.e. 7-20 times (mean 14) faster than before. pulleys (driving (c) and driven-1 (d)).
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Based on the above, the external diamdtesf each
of the three stages of the driving pulley is ceadtedl,
given the distance between centres of the drivind a
driven pulley (), the external and mean diameter of the
driven pulley €, d.,), the internal and mean length of the
belt L;, L), the rotational speed of the motay)( the
reduction ratioij and the desired rotary speed of the cam
shaft of the pump np). Standard machine elements
calculations [15] start with input @, dy, i, Ny, np as well
as the belt type (e.g. B48) and the revolution loss
coefficient ). Then,L; is calculated according to tables

Fig. 7. Driving pulleys for different motors (1: HATZ

SUPRAM, 2: RUGGERINI™, 3: PANCAR™, 4: electric) from belt type,L,= L; + C (C depending on belt width,
T T T ' being looked up in a table), rotary speed of dgvimlley
4 PARAMETRIC PART DEFINITION as: n = i-n,, mean diameter of the driving pulley as:

diam=dyn/ (1 -¥) /n andd, =d,, + 2c (c depending on
Several parts may be modified in order to reduc co belt width, being looked up in a table). Then, distance
or weight or to improve quality. In addition, sorparts  between centres is calculated to obtain a valuelfor
come in variants, in line with product variantsypical equal to the prescribdg,according to the equation:
example being the driving pulley that needs to mabe

different models of motors that the client may riegu rd asin (£_|> rd asin (L_|>
see Fig. 7. Other examples of such parts are:th# of Ly =—"|[1+ a Fmg a
the upper and lower stirrers, the curved wall @f tipper 2 90 2 90
mixing tank, the curved wall of the lower stirréred etc. +oJai e

Parametric design of such parts makes any
modification simple and straightforward. Moreovdr, @)
this is linked to parametric definition of the CNC \nere:s = (dyy = d)/2.
program according to which the part is manufactured
manufacturing of variants or modifications alsod@es  ihree stages of the pulley, regarded as referetage.s
straightforward. The same length of belt has to apply to the other t

An example of this approach is given next regardingsiages, which means thag, for these stages has to be
the driving pulley of the pumping system of thedurot. solved for in Egn (1), retaining constant as obtained

from first stage calculation. This procedure hagrbe
programmed in an Excél spreadsheet.

This calculation is executed initially for one dfet

4.1. Driving pulley diameter calculation

A generic driving pulley model is defined to cowadr
possible cases, see Fig. 8. The driving pulleythese 4 5 Driving pulley parametric design
stages (diameters), namely fast, medium and slduchw There are 14 parameters used for defining the yulle
are used to regulate the speed of the pumping ryste 55 shown in Fig. 8. These are given in a spreatiise
cams. The cam shaft speed is 115, 78 and 50 rpthéor  jinked to the parametric model in Autodesk Inve¥or
fast, medium and slow stages respectively. The belt Many parameters are defined in terms of other
connecting the driving and the driven pulleys &t tio- parameters, e.g. CHAMF = 0.5 if LENGTH < 83, Fig. 8
stage gear box, see Fig. 6, is the same for alindyi Each parameter value is constrained so that tfa fin
pulleys. The distance between centres of the @gi@ind o5t is meaningful for an artefact. If a valueiriput
driven pulleys is the same for each stage. which violates these constrains, an ERROR message
appears, e.g. HEAD_DIA > 0.18ECK, see Fig. 8.

HOLE_LEN

V_LEN Note that the parameters FAST, MIDDLE and SLOW
draw their values directly from the calculation
W _— spreadsheet referred to in Section 4.1.
A\ TR A solid model is constructed parametrically in
7 HEAD_LEN Autodesk-Inventd?, fully driven by the MS-Excél
NN \\ NN spreadsheet with automatic constraint checking.
| === &\\ N 9 The pulleys are made of aluminium alloy series 4000
EHINN =7 |2
mw  — >* ,,,,,, Ei 3 4.3, Parametric process plan and tool path
g §;' 8 The process plans differ according to the type of

pulley, i.e. the type of the matching motor. Howgve
within each type of process plan the tools andr timgiin

\ \1 X T movements are basically the_ same, gll_ _variations
\7 NE\EN pertaining to the different coordinates delimititiem.
Path coordinates are directly calculated from thafste
pulley in a MS-Excél" spreadsheet application. Any
pulley is manufactured on a turning centre in three
setups, resulting in a separate spreadsheet pgrisethe

Fig. 8. Parametrically defined generic driving pulley. application. The following assumptions are made:

///,
///7

LENGTH
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(a) the casting is 3-5 mm larger than the finalpsha In setup 2, see Fig. 9(ii), the centering ring &nel

of the pulley; seat are processed to their final dimensions with a
(b) the casting does not contain any slots or holes  external turning tool (Pathl). Then, the hole isgessed
(c) maximum depth of cut for boring (internal with a drilling tool (Path2) and the hole head idagged

turning) operations is 1.5 mm; with a boring tool (Path3). The number of hole maki
(d) maximum depth of cut for slotting operation®is passes is automatically calculated from the diffeesof
mm. the hole and hole head radii.

In setup 1, see Fig. 9(i), rough facing is perfadme In setup 3, see Fig. 9(iii), the external turningltis
first with an external turning tool leaving a fihiag used for finishing the face and chamfer (Pathl)e Th
allowance of 1 mm. Profiling up to the fast stage drilling tool enlarges the hole (Path2), the boriogl
diameter is performed with the same tool (Pathhle T enlarges the recess (Path3), the slotting toolrgedathe
middle and slow stage slots and the neck are psedes 3 stage slots (Path4) and finally, the hole is atesl
with a second tool (Path2), whereas the interndhee, (Pathb).
the seat and chamfer are processed with the saphe to
(Path3). 4.4, CNC program

430 10 e 70 50 30 -0 | CNC programs for Heidenhélh controllers have
resulted automatically and directly from the paraine
tool path.

30 Mostly, the parametric nature is implicit, since al
parameter values have already been calculatedeat th

50 parametrisation stage of the toolpath, see Sedt®nand

B the calculated values are just passed to the Clgrgm

i 70 at the corresponding coordinate place-holders.

/ Thus, in setup 1, rough facing stage is translattd

TR | the code shown in Fig. 10.

|/ In addition, to a lesser extent, the parametriglage

b available for these controllers is used, too. liis th

language, all variables are written as Qnn, nn irang

—CASTING  --—PULLEY from 01 to 99 and all arithmetic, trigonometric .etc

SRNGEE RS =R operators are symbolised as Dmm, mm ranging from 01

to 12, e.g. DOO is ‘=’, DO1 is ‘+'. DO7 is ‘cosineétc.

and Pqq, qq ranging from 01 to 99, is an automlgfica

entered parameter, essentially asking for the rpenti

data, e.g. ‘DO7 Q03 P01 55 is interpreted as

‘cos(55)=Q03".

Thus, in setup 2, hole head making stage is tratsla
into the following code, making use of a subroutias
shown in Fig. 11.

In blocksN16 to N30 the parameters for hole head
making are defined. In block N100 the step is defias
depth of cute. In block N102 subroutine L1 is repeated
as long as radius of cutting is smaller than Q@8this
way an infinite number of hole-hole head combinadio

-130  -110 -90 -70 -50 -30

,,,,,,,,,,,,,,,,,,,,

e

I ¢
v

— CASTING  -—-PULLEY
— Path1-Face Path2-Drill — Path3-Bore | . can be dealt with.
(if)
-130 110 -90 70 -50 30 -10 N10  TO1 G90 5591
,,,,,,,,,,,,,,,,,,,, mi o External turning tool, absolute coords, spindle speed
N12 MO03
Spindle start clockwise
30 N14 GO0 G40 X115,93 71,00
Compensation cancellation, fast approach
0 N16 GO1 X-1,00 71,00 FO,25
Facing
N18 73,00
70 N20 GO0 X112,43 73,00 S710
N22  GO1 X112,43 Z7-27,50 F0,15
l & Profiling N22 - N30
| - N24  GOO X114,93 7-27,50
‘ \\ N26 73,00
| LA W10 N28  X111,43
N30 GO1 X111,43 Z-27,50
 GASTING  —— PULLEY ish N32 GO0 X113,43  7-27,50
— Path1-Face — Path2-Drill —Path3-Bore — Path4-Slot Fast retract N32 -N34
(iii) N34  7100,00

Fig. 9. Parametrically defined toolpaths in setups (i)-(iii Fig. 10. CNC code example for Facing in Setup 1.
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N16 DOO Q01 POl 26,00
Initial hole head radius 26mm
N18 D00 Q02 PO1 39,50

Final hole head radius 39.5mm
DO0O Q03 PO1 -10,00
Hole head length 10mm

N20

N22 DOO Q04 PO1 15,00
Difference in radii 15mm
N24 DOO Q05 PO1 1,50
Depth of cut step e=1.5mm
N26 DOO QO6 PO1 10,00
Number of passes 10
N28 DOO Q07 PO1 0,00
Remainder 0
N30 D02 Q08 PO1 Q02 PO2 Q05

Q08 = final radius — depth of cut step
N88 MO06 TO04
Boring (internal turning) tool
G98 L1
Subroutine 1 start
G90 GO0 X Q01 72,00 S1704
Fast move in X, Z, spindle speed
GOl z Q03 F0,25
First pass in hole enlargement
N96 X 23,00
Retract in cutting feed
GO0 72,00
Retract in fast feed
D01 Q01 PO1 Q01 PO2
Radius increase by pass step e
D12 PO1 Q01 PO2 Q08 PO3 1
If radius < Q08 repeat subroutine 1
GO0 X Q02 72,00 S2047
Fast approach, spindle speed
GOl z Q03 F0,15
Last pass
X23,00
Retract in cutting feed

NSO

N92

N94

N98

N100 Qos
N102
N104
N106

N108

Fig. 11. CNC code example for Hole head making in Setup 2.

5 CONCLUSIONS

The exemplified

techniques can be adopted

universally irrespective of the particular produamd
manufacturing processes, leading to improvement in
manufacturing performance.
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