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SUMHARY -
FL 15 well known that

future camputer {ntégrated menufacturing systemswill need fast and reliable production planning

programs of different types, As a contribution to this requirement, this paper tries to demonstrate the feasibility of com-
puterized tolerancing and dimensioning on 3 small micro-computer system. . '

The algorithm which {5 devaloped takes into.account all categories of tolerahces relevant in menufacturing such as setting,
positioning, machining tolerances and proposes a strategy to optimize tolerance ranges in relation with functional require-

ments and equipment capabdlfties. .
The application of the developed software to

INTRODUCTION -

e objective in process planning is to define.the production
methods for a set of mechanical parts in strict accordance with
drawing requirements. The whole process of production planning
consists of 2 high number of cholces relating to selection of
machining conditions, selection of jigs and fixturss, selection
of machifie tools, sequencing of operations and, last but not ,
least, determination of mamufaqturing dimensiens and tolerances.

In many instances. however, the dimensions used Tn manufactu-
ring are not ddentica] with the dimensions on the drawirg defined
by the designifnfor functional purposes. Therefore. the dimensions
in manufacturing must be derived by appropriate calculatiens per-
formed by the process planner, [n ather words, {t is necessary
that manufactured dimensicons form chains of dimensions and tole-
rances compatible with drawing dimensicns and tolerances, i.e. a

© .manufactured Jimensfon must fall fn the tolerance range of the

cerresponding design. dimension. . ’
© The process of transferring dimensfons. is called dimensioning
and tolerancing, and despite {ts imporance, {t seems that indust-
ries are not paying enough attention to this functijon.(1) The -
reasons for this negligence are msinlty due o the large guantity -
of computations involved, the high probability of making calcuia-
tion error, due to difficuity of differentiating between depen-
dent and independent dimensions and to a lack of infermation con-
cerning tolerance 1imits, : ;

In order to help in executing dimensioning and tolerancing, a
spacial algorithm js proposed 1n this paper, saving for the plan-.
ner the boring actiyity of repetitive manual computations and
etiminating almost complately the risk of errors in deriving
toterance relatfonships. i .

The theory 2?'3‘5‘" the algorfthm {n this sofiware was developed
by P. Bourdet (£7(3} and in cantrast to trad{tional tolerance
chain theartes, 1% -considers tolerances of poesition, as well as

. telerances of machfning. In addition, {t makes a clear distinction

" TECHNYOM

- between dependent and independent dimensions.

The probhlem of tolerance transfer has also enjoved a new inte- .
rast in the recent peried bacause of 1ts conmection with computer
aided process planing.. Oifferent papers have been published on the

subject without(gs‘opasing cemprehensive solutions.

P. HOFFMAINIA) suggests to use linear progremming to solve the
problem of optimunt tolerance allocatfon in manmufacturing processes.

Taking a move practical point of view, L.E. FARMER(®) has
devetoped an algorithm for chaneetf- of data in part dasiemn.
R.S. AHLUWALTA and A.V. XAROLIN(G) have designed & classical tofer-
ance chart which-1s integrated in a computer system using graphi-.
¢al facilities. The work of tolerancing acquires better relfabi-
ity and comfort for the process planner, : :

The work mentioned was concerned only with one dimensienal
tolerancing. Chr.s BECK(7} has- proposed methods to incorparate
georetrical tolerances in dimens{on chains and M.B. RISELMETTI(8)
has given setting methods for  the Iwh  dimensfonal case of
turning taking into account cones and chamfers in particular.
Lhid-iracf-l?na‘l dimensioning has been reconsidered in the

9} by baszEg tne gptimisation strategy on the

work of P. BOURDETIZ+3)and by trying to reach a very automatic
computerized tolerancing althaugn the algorithm 1s implemented on a2
small size microcomputer, s ) N

The module takes into account the main factors influencing
tolerancing, f.e. machining errors, etting errors, workpiece po-
sitioning errors, wear of tools and proposes an optimisation stra-
teghy for the determination of setting dimensions. .

The process plan has first of all to be checked with respect to
{ts technjcal feasibility and the distribution of tolerances has
to be optimised, -as will be shown later, in order to use complete-
1y the tolerance range allowed by design and to'giva to the sett-

. ing function on the rmachine the larcest allowances which will

guarantee the most economical mamufacturing, The determ{nation of
dimensions and tolerances in manufacturing will also islfluence the
design of fixtures and the dimensior of raw material{®) which
slay an mportant rele in the indestrialisation process. o
The program is a useful tool for the.process planner, when
chosing the best way to manufacture a part, Several alternative
process plans can be compared quickly and easily. In addition, the
results represent a starting point for the optimal design of manu-
facturing jigs and fixtures. Finally, it is important to mention
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megsured in this sytem and refer to setiing dimen
- setting dimensions of parts, machining dimensions during the

fundamental”

an fndustrial example shows the, efficiency of the method and its simplicity,

that the techniclan operating the gomputer-aided dimensfoning and

" tolerancing program, neads not to have extended experience in
. computer applications, - :

The software developed was fmplemented on a micro-computer
Apple 1le, making the program flexfble and accessible to small-
size industries. . " ) .

' DEVEL@MENT OF A MﬂDEi. FOR THE OPTIMISATION OF UNIDIRECTIONAL
TOLERANCE TRANSFE FACTURING — :

R FROM DESIGN TO MANU s
The basic model for tolerance transfer is represented in .
figure 1. The machine system of reference 1s reoresented by the
coordfnate system {X,Y) which {s considered as the absolute system
for tolerarce references,. Dimensions Li, {14y, Al4} are dimensions
g'lons of tools,

manufacturing process, in general “machine" dimensions. They ara
model{sed by their average “value 14y and their range of varia- =
tions 414, The "Machine” error is composed of errors resuiting
from setting errors, machining errors due to process inaccuracies,
kinematic errors and wear of tool errors which are al) ingluded
n Aly, A special ctase 1% represented by the dimension (12, Al3)
which 15 a tool dimension and is independent of the 4
machine dimensions 1y, i .
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Fig. 1 HModel for Talerancing

Mmensfons €y {Cy {j) are measured on the manufactured part
jtself and represent ‘“minufactured” dimensions. They have been .
defined before execution on the machins by design dimensions which
represent the functignal dimensions which have %o be respected
absolutely - The manufactured dimensfons can be carried out direct-
1y or tndirectly.” In the latter case, the manufactured dimension
{s the resultant of a dimension chain consisting of indepepdent
machine dimensions. as defined bafore. The manufactured dimensions
are therefore dependent.dimensions and the manipulation of their
variapitities has to be carried out accordingly. : :

In order to stmplify, it is assumed that dimensioning 1s carried
out with the following procedure: . .

“Cijm * Dijm or identification of average values of de'sjlgh

dimensions and manufactured dimensions

ACij T 4Dij or. {dentification of tolerance range for design and
nanufactured dimensions.. : ) :
The optimisation of tolerance dimension transfer consists them

_dn Finding a stretegy which guarantees on one hand the respect of
- design dimensions, and, on the other hand, takes fats account the
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capabilities of available machinery and tries to take advantage
of the maximem range of telerance fields.

In the preceding model..chzins of dimensions are composed of
setting dimensicns. These represent independent dimensions related
to the mackine-tool system of reference.The simple rules of com-
positfon of tolerances apply to these dimensions. In the future,
it may be appropriate to transfer these values from the camputer,

- where the process is being planned, dirsctly ¢o a computer cont=
rolled machine~-tool, in order to execute the part according to
these setting dimensions. .

The ngdel seeks optimal tolerances for manufactering dimens-
fons, considering the real conditions of manufacturing. Drawing
{design} dfmension tolerances are treated as constraints, and the
objective 13 to calculats mehufacturing dimensions as close as
possible to the 1imiting design tolerances. In other words, the .
purpose s to manufacture a. mechanfeal part, with the largest

- dimensfonal accuracy mecessary Tor its correct functioning. The
cost of machining 1s, of course, in direct relation with the accu-
racy required in manzfacturing.

: In addition, the optimization program finds minima) dimensions
for the raw material blank and defines accordingly chip thick-
nesses which are of reasonable size,

The principle of optimisation wiﬂ niow be explained on. the
basis of a simple example.

Example of optimisation of tolerancing of 2 mechan‘!ca'l part

-A mechanical part 1s represented in T1guUre @ and the. corres-
ponding process plan s the fonawing. based on techno‘lomca.'l
cons1deratfons. 5,
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N F'ig. 2 Example of Part. Jry 4:, ‘.;:g] i gg materia‘l gurfaces,

Sub-phase 10~ Fixture on surface Ar
~ Machining of surface 5

: suh—phase 20~ Fixture on surface 5

- Machining of surface 1
-’ = Machining of surface 6

Sub-phase 30~ Fixture on surface 5 .
~ Machining of surfaces 2 and 3 .
The proposed process plan 1s Just one of the many altematives
for fabricating the part, The developed program allews a compa-.
rative evaluation of varfous solutions in order to find the opti-

- mal one.

For the previous part, setting dimensfons will be defined
hereafter in the direction X for the different subphases:
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" component surfaces.

A matris (surface x sub-phase) 1s established {fig, 7} with
fnitial setting tolerances Alj. These are chosen as the minimal
tolerances feasible on the equipment used. o
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Fig._7_ Matrix sub-phase x surface
Remark: 2 befng a tool dimension ({witheut any relatfon to other
surfaces) ) )
M: is located o & sub-line of the matrix.

eterpination of optimal rachine dimension tolerances

s mentioned before, the aim of tolerance optimization is to

achieve: ' ) . ' .
Atﬁ = AD, i

Therefora, manufactired dimensions (Cij} corréspond{ng to one
of the drewing dimensions (Dij} have their tolerances Cij com-
puted according to the following rules: - )

a) if ¢ constraint { ADy4) relates to surfaces in the same
sub-phase, then -ACy 1.3 1s obtained by going from column -1
to column J . along t;le Same TOW. - . .

For example: ;o _ 1! )

h <“m4-5f Al 4t A15 N

“b} If.a constraint (ADH) relates to surfaces of difference .
phases {different diagram 1ifes), one or -more columms, relating

" to two or more subphases, must be used, and tolerances from these

columas mwst be taken inta account, e.g.:
. L H - 3 .
BCy.g® 815+ Atg + 41, +41, +Mz

¢) If a constrain.t { 804} relates to surfaces which will
be machined simultaneously (teo{ dimension), )

) ACg.,e A
& set of fnequations is obtained as follows: '
1 n 3 - Lo
By +Alg + Bl 381, + 813 = 8GC, o -(”1--_2

_'{é) By ~8Gpug § A0

t
Blg + A1y =Gy A0

3t - . .
813, + 815 =85 £ A0us

The derivation can be 'adépted to aytomatic coﬁputer process-
ing following the proposal of D. Dunz‘rﬁalya :

If any of these inequations 15 not true, the prccass' plan is .
not feasible and must be modified. Ctherwise, the - procedure of
optin:‘f?atien continues 1n order to find éntargadsetting toleran-
ces AL, . _ A - : .

~ Befora proceeding to this step.it is however necessary to
introduce briefly the influence of top) wear, - '

Influence of tool wear and tulerances
ganufactured dimension wil] vary differently, depending an
the direction of tool wear acting on the Timiting surfaces of {ts

Tool wear develops differently (as 2 function of time), in

. d{fferent surfaces, according to the tool used, machining condi-

tions, materials, etc. 5o,to express analytically the infiuence of -

relative tool wesr, betwaen two or more surfaces, each tool wear

rust be considered as & function of time, or as a function of the

number of pieces the tool has cut previously, in the same batch.
For simplicity{11), we consider the maximum relative tool

wear possible between machined surfaces, determining a manufac-

sured dimension, Cases when tool wear develeps in oppesite  di-

" vections are diffarentiated fram cases when tool wear develops
- in the same direction. S : :

A variable MU was defined as- follows: -
su = sy < Hax [85y1 - Mox [£5,] 1

. in the other
© direction

“in one |
direction

- where AS, is the scattering due to tool wear in esch setting

tolerance B'I,) whith composes a manufactured dimensien-

-§o1erance {264 i

- drawin
© The table shows the excess ©

Lcuelﬂchzu:: AT RS IR

Fig. 8 Surfaces machined
== with identical
wear direction

The explanation is given in Fig. 8 for the case of ool wear
in the sime diraction. .
In this case, relative tool wear which'is equal to ISI - Sal
can bz evaluated as: o ) k
o<lsy - Sl < 45y or &5,

- The manufactured tolerance AC1z i5 comgﬁed of '[M{-_AS{)

which 1s the random wear and -of max 15 -

MGy « DAY - 450 (B, A%) soml 5 - )
u AA'I.‘ + A'Ea - ﬁ.ﬂsi + max (551) ASE)

= Bl * a1y - Ay {as seen abave) '

This ralation 1% also applicable to the case of wear 1n
uppgsﬁe directions. ) o : _

" gptimizatish _of setting dimensions _ '
R tolerance matrix 18 constricted, taking intc conslderation

the components of the inequations above. Each Yine represents one
inequation only. ' R FE .

we start by entering the drawing dimensfon toterances in the
Yeft column, and in the following colums we enter the setiing
dimensigns tolerances { A1,. a1.), which, together constituta the
wachined dimension tolerante { Cm - ) corresponding to ihe . .
d{mension tolerance { a%ij) _a’;sigrled in the Teft colum. .

tolerances: ¢ =3 D - AL, and . :
n = number of setting tolerances a1 maltiplied by the coef~

‘ficients of repartitioh. n defines the weight of each dimensien in

the distributicn of the resitual tolersnce. In this case, the re-
sidual tolerance will be-shared equally between the A'l{ {coeffi-
clents of repartition = 1). . . : )

T Repartition
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i

Fig. 8: Yolerances! Matrix

The specific residusl tolerance c/nis shared amang the compo~
nent tolerahces accerding to their weight. .
It is assumed that ASy = 0.08 for f=1, ....5 . .
The purpose of the eptimization procedure is- to enlarge the
setting dimension tolerances { 614} as much as possible, Residual
tolerances (e ) are redistributed among the setting tolerances.
In £i9. 10, the distribution is. finalised and ‘optimal. )
The orocess follows an heuristic strategy which begins by - - -
distributing the smallest ‘specific- residual tolerance.
Then, in following steps, new vesidual tolerances dre redis-
tidbuted until ne more excess is abaflable {fie, 10). The tole-
rances assigned (A 1) are then considered as optimat. -

“ A specfal case in the determination of the a1y arfses in
velation with the dimension of raw material 1g. An additiondl
constraint is introduced by the arinimm thickhess of the first -
chip which. is supposed to take away 'all the dafects frow casting
ar forging, Then, if Cymin is the minimum thickness vequirved and
it t, is the tu'lerancg of the chip thickness, resulting from the
succegsive operationg, one can write: .

o CP a\.rerage = cp min + . I_‘CPIE_
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Fig. 10 Tolerance Matrix - Final disteibution

. The average dimension of the raw material 1y can then be deters
mined as will be shown. It 1s also fmportan? to check that the
veriations of the chip thickness ars not excessive and, eventy-
ally, to change the process plan accordingly. To this end provi-
sions Tor half limited dimensions. (mex or min) are also included
in the program {(fig. 11) . . .

gutation of Mean Yalues for Manufactufed and Setting
Dinansions : -

T the hal f-T1mi ted diaxénsfons are reasonable, mean values of
manyfactured and setting dimensions mey be computed, -

This campuiation s straightforward. Based on the definjtion”

of setting difensions, and using simple algelira only, a system of
linear equations is obtained. Far the previous example we obtain:

Design requirements: 2w
T AU YRR MR
o1k L
b3

]
hgth -5
_ Yo = V5 " T _
. Manufacturing requirementss '. L
Ul ™ Tar = Tard * U5 = Tp) - Oy - s

. . . - -
Coern = {1, =10}~ (g =T}
S-8ryean . - Br 4r 5 4

For each sib-phase we define thé position of the absoluts
- -reference system. Here we shall define the fixture positions as
datum “4r “Tgp ® lé = 'lg = 0). A system of six equatfons for

six variables {s obtained and average values of N IR M PN
" 14, and 15 are generated. . _ : _ .

IMPLEMENTATION OF THE MODEL IN A MICRO-COMPUTER

"~ The present model was implemented in a. ol ero-copputer
conposed of: - ) -

- A Computer Apple Ile with 64K bytes MemoTy RAM

~ Two Disk 13 disk storage systems, .

- A Agple Dot matrix printer, connected to the rain system
by a grappler + TH interface card. ’ .

The pro?ra_m for pracess plan optimization of tolarances is
carried out Iteratively, following ‘the flow-chart in fig.1i:

a} Input of Workpiece data (drawing of the part and its

dirensions), : ' .
b} Input of ‘process plan data {sequence and Kinds of -

oparations, {nitial values for setting dimensfons tolerances, etc.}

¢) Optim{zation of Setting Dimensions Tolerances, with check-
1ag of feasibility :

d} Computation of varfations of the talf-lintted dimensions
and of machine dimensfons 1y .. - : .

£} Computatf o}' mean values of the sétting dimensions. A -
special procedure(10), :based ‘en graph theory allows avtomatic
determinatien of these results, - | -

) Qutput of results, | :

-Exiagl_gle of Aggﬁcnﬁon to_Dimensioning and Tolerancing of a
. spindle Support . : -

ustrate the use of the compﬁter prﬁgram. it has been .
apmtied to a support for a machine tool spindle (fig.12}, - -

The preceding optimisation procedure is used for manufactured

" givensfens and setting dimensions in three different directicns
fndependently {xx', yy', zz'}. The computer output for directicn
yy' is shown in the following figures: .
Part drawing and process plan matrices in fig,13, manwfac-
* tured dimengions and setting dimensions with their tolerances
in fig, 14A and 14B. sl L o
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Setting dimensions' (partial)

"Fig. 146
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‘Fig. 13 Example of part drawing and dimensions (dir. yy')




CONCLUSIONS
n this paper, a computer progeam was developed in order to
- respond to the need of modern {ndustries to implement computer
- afds in process planning, .and, in particular, in tolerancing and
. dimensioning. ) . _

This program 1s based on & new model for dimensioning and
tolerancing, developad in France by P. Bourdet {ref.2 and 3). .
This model takes into account tolerances of pesition, as #ell as
machindng tolerances, and also makes clear distincitons between
dependent and {ndependent varfablas. The propesed program alse
helps the operater to find minimal dimensfons for the raw mater-
ial blank and to defire reasonable chip thicknesses during pro=- -
cessing. : : :
© it was possible to {mpﬁement this software on a wicro-compu-
ter, making 1t flexible and accessible to small-size industries.
& graphic unit for drafting the part on the screen, and a small
data-base of recommended minima) setting dimensions tolerances,
are improving the program efficiency and making it mere user
friendly. : '

_The main advantage of this program ljes probably in the high
raliabitity of execution of tolerance transferving which takes
a shor? time compared Lo manwal processing and considers a1l the
aspacts lnvolved. The use of the program is a¥s0 strafghtforward,
- even for 1ittle trained personnel. : .

In the future, 1t {s advisable to extead the model to three
dimensionai tolerancing, including consideration of geomefrical
tolerances. Stich a development will need considerable efforts in
the field of geometric tolerancing theory which is only in a .
starting stage and should be underfaken in a cooperative way by
the Technical Coemmittees of C.1.R.P. s
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