Mansoura Engineering Journal, (MEJ), Vol. 2!, No |, March 1996 M.33

Optimal Tolerance Assignment with Automatic
Feature Detection

Lalil Jadioll alault gle 3yl o il 3alaill Jioll asjaall

I.M. Elewa A.A. Abdel-Shafi KA, Kamal

Associate Prof Assocrate Prof Research Assistam

Indust Prod Eng. Dept., Facufty of Eng., Mansoura Univ.

g all jailedl

ey & SilSaal S aatlh A Sl o 3ol el oy 353 e Ak gk ad diall Na i
I el plast ol a3y LY RS U e s ol e iy Aisda gl clabinally
ity Sl Jalaadl Sl aadl gl seally Calgl il A0, 2l ULl
) Sl padai oy oy el B0S S eal el I Sl AASA) 4T 6 ok a3 (g0
PR SOV PRF I S AFEE PP B E PYELOW P N DY SIS AR S PSR PRV
e e o oS L8, ha il A Y1 SO Sl )y aieail] | At ied) al s SV e

el g agtoadl o desaand pral pull o gaill ol | Aaals gl
Abstract

Tolerance analysis is used for  an optimal tolerance assignment to satisfy the function
requirements, and mean while minimizes production cost. This paper introduces a computerized
procedure  for optimai tolerance assignment in mechanical assemblies to sarisfy the function
dimensions.

The developed computer system has the ability to integrate CAD) systems which support DXF
(Drawing Interchange File). For example, the software receives a DXF file of an assembly then
analyzes it to detect the individual parts of the assembly using rules of form definitions in system
knowledge base. Also, the developed system estimates the dimensions and the type of chain link for
each part to generate the lolerance chain link  relation. The optimization problem is formulated
automatically with tolerance-cost functions as an objective function to be minimized. The constrains
are the limmits of function diinensions and process capability boundaries. Then, the program generates
M. file which used by MATLAB package to calculate the oplimal tolerance values. A mechanical
assembley case study is used as an applicaton 10 show the capability of the new system
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1 Introduction

A strong dependence exists between design tolerances and manufacturing costs.
Therefore cost is used as the key in performing tolerance distribution [1]. A particular
tolerances selection implies a certain cost in manufacturing. Reduction of cost is possible
by increasing tolerances but such an increase must be constrained by some performance
measure (such as functionality and interchangability). A great deal of tolerance researches
(2, 3, 4] on tolerancing have been devoted to the resolution of trade-off between cost and
performance. However, they are concerned with tolerance analysis, thar is for a given set
of tolerances, find the effect on cost or performance. It should be noted that toleranee isan
input to the analysis, If a particular combination of rolerances does not meet the criteria,
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some or all of the input have to be changed and, the procedure iterates. In an interactive
mode, input preparation depends on the “experience” of the user bui, there can be
(infinitely) many input combinations to choose from. Hence, there is no assurance of
convergence, rather than mentioning optimality. Now, Mont. Carlo simulation is preferred
in a more than one resource [5]. While with simulation, the solution be made arbitrarily
close 1o the optimum, thus the amount of resource demanded aiso can be arbitrarily large.
The synthesis of tolerance, an alternative to manuai data preparation and random number
generation, remained as an iatellectual and practical challenge. Recently, tolerance
synthesis by nonlinear optimization has been used. Tolerance is treated as continuous
variable its relationship Lo cost take the form of a continuous function such as the one
iliustrated in Fig. 1.
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Figure 1. Cost Model for a Single Process

2. Cost Model for a Single Process

A cost model for a single process means a plot of the manufacturing cost ag a function
of machining precision under the assumption that the same process has to be used
independently of the precision requirements. A cost model for a single process is shown in
Fig. 1. The single process means in this research the finishing process for producing the
product.

As it can be seen in Fig. |, Manufacturing cost may be divided into two parts namely :

1. Machining cost
2. Scrapping cost

Machining cost cover the actual time used 1o produce a complete acceptable basic
element, including setup cost, tools depreciation cost, inspectivn time cosi, eic. This cost
component increase as the tolerances are narrower, since narrow tolerances need
additional  setups, additional operalions, more expensive measuring services elc.

Scraping cost occurs when a part fails outside the specified tolerance, The scraping cost
part consists of two components cither the cost of repairing the part concerned, or the
cost of the part as a whole if it has to be reject. As long as the specitied 1olerance is wide
compared to Lhe proceass capabilily, scraping cost is negligible, but as soon as the specified
tolerance is narrow than the process capability, then thc scrapping cost will increase
rapidly. It is important to notice that, if the cost of the process (reworking) is higher than
the cost of raw material then the product wiil be scarped.
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3. Cost Minimization as an Qbjective Function

Cost minimization is chosen as the objective function for the following reasons [6]

Firstly, the planer must design a manufacturing ptan Lhat results in a component that is
not only functionally correct but also suitable for manufacture at low cost. Tolerance play
a very important rule in cost, therefore cost is the key to good tolerance allocation.

Secondly, many of rtolerance allocation methods  are done by ruie of thumb. The
purpose of many objectives is to obtain the least possible scrap percentage, because the
quantity of scrap is assumed to be proportional to cost. However, it does not necessarily
followw that the bigger the scrap percentage the higher the cost. Cost depends not only on
scrap percentage, but also on the machining, tooling, etc., expenses of each operation.

Thirdly, although there are many other manufacturing criteria, such as maximum profit,
maximum quality gain, maximum rate of rerurn and maximum benefits, etc. most of them
are difficult to relate to tolerance, therefore cost is the more common and easy criterion.

4, Mathematical Mode! roduction Cost-T

A review of mathematical models for production cost-tolerance shows that all of them
using imperical cost data [7, 8] of production processes. These processes include: turning
on lathe, face milling, drilling and hole machining (true position), rotational surface and
internal grinding, as well as die, sand and investment casting. The empirical cost-tolerance
data curves used in this research are illustrated and plotted in Fig. 2. In practice, the
empirical cost-tolerance data should be directly obtained from machine shops through
experiments or observations, and recorded in the orginal form of discrete points. It is
assumed that the empirical data curves are composed of many closely-placed data points,
rather than resuits of interpolatton or curve fitting. Discrete data points are picked up from
these eurves to direct model fitting and ftling error analysis.

Appwaximuliee relalive cosl
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Figure 2. Empirical production cosi-tolerance curves

In formulation the optimal lolerance design problem, differemt production cost-
tolerance model were introduced to represent the empincal production cosl-lelerance
relations, such as the one shown in Fig. 2. This existing models include :

® Exponential model (Exponent) by Speckhart [9],
g TD)=Co ¢ &0 Q)

Where : TD tolerance
g(TD) Cost tolerance %
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® Reciprocal squared model (R-Squared) by Spots [10],

g{ TDY=CoTD (2)

® Reciprocal powers model {R-Power) by Sutherland and Roth [11],

g{ TDY)=CoTD & )

® [Reciprocal powers and exponential hybrid model (RP-E Hybrid) by Michel and
Siddall [12),

g(TD)=CoTD e & ™ @)

® Reciprocal model (Recip.) by Chase and Greenwood [13],
g{ TDY=CoTD® (5)

® Modified exponential model (M-Exponent) by Dong and Soom [14],
gL TDY=Coe S {T-CY Ly (6)

® Discrete mode! {(discrete) by Lee and Woo [15].

The above existing production cost-lolerance models were used in different optimal
tolerance design formulations. They can provide quartitative measures of the production
eost-tolerance relations However, it has been recognized that updated and more complete
production tolerance data, and better mathematical models to represent the actuality of
these data, are necessary (4, 14, 15].

The - previous types of mathematical models have been tested using the eight
representative cost-tolerance curves. Six modified mathematical models for cost-tolerance
relations are adopted from many candidates [16]. These six models all present a better fit
to the empirical cosi-tolerance data [17]. These modified models consist of two major
classes: hybnd models and polynomial models.

4,1 Hybrid Modecl

® Combined Reciprocal Powers and Exponential Function {Combined RP-E*)

gLTDY=Co+Cr TD O L Ca e ©4™ 7
® Combined Linear and Exponential Function (Combined L-E*)
g TDY = Co+C1TD+C2e O™ (8)

® B-Spline Curve (B-Spline*)

2(TDY = CoBt* (TDY+ C1BY (TDY+ C2aB (TDY+ C1Ba* (TD Y+ C4BS*( TDY
(9

4.2 Polynomial Model
® Cubic Polynomial (Cubic-P*)
g T0)=Co +C1TD+C2TD +CaTD? (10)
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® Fourth Order Polynomial (4th-P*)
gL TDY) = Co+CATD+C2TD +C3TD® +CaTD? (1

® Fifih Order Polynomial (5th-P*)
gL TD)= Co+CrTD+C2 TD+C1TD? +CaTD* + 05 TD® (12)

The combined reciprocal powers and exponential function, and the combined linear and
exponential function models are introduced, by adding a reciprocal powers term or a linear
term 1o the onginal exponential model, to improve approximation of the exponential
funclion w0  the empirical data at the right tolerance zone. The polynomial functions of
cubic, fourth and fifth orders and the B-spline function are introduced to find the best
representation of an empincal data curve.

The model parameters, , have been determined wusing least square approximation. The
calculation mode] C. parameters of these models are listed in Table 1.

In Table !, The cost-tolerance models are arranged according to the number of their
model parameters to illustrate the influence of the number of model parameters to the fit.
The average fitting errors of the eight empirical data curves are also given in Table 2, The
minimum  averagc relative errors of the best performed model is highlighted.

From Table 2, the mathematical models (equations 7, 8, 9, 10, 11 and 12), for
production cost-tolerance relation fit various empirical production data with considerably
less modeling error, is apparent.

The model selection can be performed using the a knowledge-base system based on less
model error. An intelligent computer systemn, rather than the designer, can automatically
creale the objective function for optimization. This work has provided better production
cost-tolerance models and the above explicit guidelincs for applying the previous models.

5 Optimal Design Using Production Cost-Tolerance
Models

The previous production cost-tolerance models are combined with the lolerarnce
synthesis formulation for both an independent dimension chain [14], and for general
multiple dimension chains [4], to produce a new method for tolerances assighment in
mechanical assembly.

5.1 Brief Outline of Method

This section pgives an introduction to the analytical approach and iilustrates what can be
accomplished by the new method, what inputs are required. The mathcmarical problem of
finding the oprimum tolerance set is somewhat complex and is outlined in the following
section.

In order to successfully use the method, it is necessary to cover the following points

l- A fundamental equation which is a mathematical description of the critical dimensions
{18].

2- Tolerances on these crilical dimensions, YDz (constrain)

3- Data relating the relative costs of holding each dimension as a function of tie tolerance
as an objective function, G{TD,........TO;} (from section 4).

4- Production process for producing each part in the chain and estimares the  process
capabilities |, YD . (constrains)
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5.2 Initial Tolerance Distribution
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2  Determine the dimensions that influence the sum dimension and identify the vanables,
DD 4, Da

3. Determine the fundamental equation of the sum dimension.

D=1 D, Dy, D)

Compure the scaling factors (M)

Classify the chamn links.

Determine the desired confidence level

Determine the normalized tolerance TWz

Determine the links thal have predetermined tolerances and the ones have determinabie
tolerances

™o

9. The 10lerances are proportional to Lthe corresponding dimensions and get form :

Toie_ SADL (13)

Where ED Expectation of a dimension D

10. From Y™ get IT grade, from IT grade and the form of the individual pant determine
the production process for each dimensions in the chain,
1l. Determine the expectation of the individual dimension in such a way the following

equation is sarisfied
ki)

DL =Zk\kMD'\+TD'\kE'L\~Q.S\\ (14)
=1

Where MDD is the distance to the middle of tolerance zone

5.3 Formulation of Optimal Tolerance Design.

® The formulation of optimal tolerance design for an independent dimension chain can be
represented  as follows:

RS (e IO =min S e(TDH) (15)
Wil Th WL T a=h
subject to,

® For worst case condition, the following sure-fit formula will insure the clearance to be
within the desired

T+ T+ TDe = T (16)

® For suatistical basis, the following expression must hold:

TOS+ T+, +1D = TDa’ (in
® And

TDwin, i <« T < TOman, v (i=1,...., ') (18)

Where

T, .TD. - n components tolerances of the dimension chain,
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TDrc-the resultant (or assembly)tolerance or design requirement.
TD min- and TOwmw are Lhe bounds of process capabiiity.

GLTD,......,TDns-the total production cost for all mechanical features associated
with the adjustable design tolerances. The sum of production costs for the mechanical
features are specified by adjustable tolerances. TD—"TDw.

6. Program Qutline

One of the main objective ol this research is 10 develop a computer program of optimal
tolerance distribution for parts in mechanical assembly to keep the finction dimension on
acceptable limits and keeps cost as minimum as possible. The sofiware uses Lhe models
introduced in (2) (Model for individual parts and Model for sum dimension) to get initial
solution for the problem, then generates M. file for MATLAB software to get the optimal
tolerance values for individual parts in the assembly.

6.1 Program Flow Chart
Flow chart for the new system is illustrated in Fig. 3.
The inputs of this system are:

+ No. of link in the chain (K).

+ Nominal Dimension of each part in the chain (D)

+ The geometrical shape (Form} for each part in the chain,
*» The type of chain links (TCL).

+ Scaling factor for each link in the chain (A).

+ The fitnction dimension (DS).

This data can be entered tc the program using TDF file which has a special format. TDF file may
be writien by an ASCII editor or using the help screen in the program The data can be entered to the
program by a DXT {drawing interchange files) files which are generated from numerous CAD
systems. DXF files are standard ASCII text files which contain complete details for the drawings.
The program uses rules, in its knowledge base, to translate DXF file into TDF file. The system
receives a DXF file and analyzes this file to determine the individual parts in the assembly. The user

of this system , in this situation. inputs the scaling factor only (Fig. 4).
Every shape must be defined by lines, circles, arc, etc. , for example (Fig. 5. a):

The part is 2 bush if ;-
line (X,Y.XLY),
line (X1,Y1,X2,Y1},
line (X,Y2,X2,Y2),
line (X,Y3,X2,Y3),
line (X1,Y4,X2,Y4),
line (X,Y5,X1,Y5),
line (X,Y,X,Y5),
line (X1,Y,X1,Y1),
line (X1,Y4,X1,Y$)
line {X2,Y!,X2,Y4)},
circke (X, Yc,R1), R1=(¥2-Y3)/2,
circle (Xe,Ye,R2), R2=(Y1-Y4)/2,
circle {Xe,Ye,R3), RI=(Y-Y5)A2.
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Figare 3. Program flow chart.

And so on for every shape, but it is important to notice, the effect of the part position therefore,
if the previous bush is rotated 90 degrees there is another definition for this bush, The definition will

be (Fig. 5.b):

The part is a hush if :-

line (X,Y,X5,Y),

line (X,Y1,X1,Y1),

line (X4,¥1.X5,Y1),

line (X1,¥2,X4,Y2),

Line (X,Y,X,Y1),

line (X1,Y1,X1,Y2),

line (X2,Y.X2,Y2),

line (X2,Y,X3,Y2),

line {X4.Y1,X4,Y2),

line {X3,Y,X5,Y1),

tircle (Xc,¥Y¢,R1), RI= (X3-X2)72,
circle {(Xc.Ye.R2), R2= (X4-X1)/2,
cirele (Xe,Ye,R3), R3=(X5-X)/2.

Therefore, The new system has a knowledge base contains rules to define the most common
parts which is used in mechanical assembly in several positions.

7. Case Study Example

A mechanical assembly thal is shown in Fig. 6. The gap is the sum dimension . In order
to function properly, the gap must, on lhe one hand, be larger than zero (1o preveut
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jemming), on the other, be less than a certain value (to prevent axial motion of lhe gears).
The following values are assumed :

D=5 mm Dr=5mm
D3=79 mm D =40 mm
D =50 mm

The gap  must be kept (0< Dz <0.18 mm)

7.1. Model Solution

7.1.1 Manual Procedure
1- Fundamental equation is
Dr=Ds+ Dy - - D1-
2- The tolerances for function dimeasion is:
TD: = 0.18 mm
3- Production process (from section 5.2) for each part in the chain are
D1, D2 : Grinding,
Ds = Turning,
D+ = D5 = Internal Ginning
4- Imtial solution {equation 13) are obtained:
Xe=[0.0063 0.0063 0.0956 0.0504 00631 ]
From Table 2, the-cost tolerance model for each part is.
For each D1, D2, the model is fifth order polynomial (5th-P*).
For D3, the model is reciprocal powers (R-Power).
For D4 the is fith order polynomial (Sth-P*).
For Ds. the is fifth order polynomial (5th-P*}.
The total objective funclion is
g(TD)=5320.4+(-3637* X{ 1 +{156800)* X(1)"2+(-3536000)* X (1) 3+
(39190000)* X(1)*4+(-164 T00000)* X(1}*S+(-368T)*X(2)+
(156800)* X{(2)"2+(-3536000)*X(2)*3+{39190000)* X (2 Y4+
(~164700000)*X(2)"5+(14.47)*X(3}(~1*(0.5582))+
(-3687)* X(4)+(156800)*X(4)"2+(-3536000)*X(4)*3+(39190000)* X(4) 4+
(-164700000)*X(4)"5+(- 184 7)*X(5)+(602.8)*X(5)"2+
(-828.2)*X(5)"3+(209.5)*X(5)"4+H313.9)*X(5)"5;
The constraing are
a - The sum dimension and individual parts (equation 17):
TD{Ly2+TD(2)*2+TD(3) 2+ TD{4)"2+TD(5)"2=0. 182
b - The process capability for each production process (equation 18)-
VUB =[ 0.012 0.012 0.074 0.052 0.39 }
VLB =[ 0.005 0.005 0.05 0.011 0.1 ]
4- Tnitial solution {equation 13} are obtained:
Xo=[0.0063 0.0063 0.0996 0.0504 0.0631 ]
Then the oplimization problem is solved using Computer package and the solution are:
TDh= 00120 mm,

TD:= 0.0120 mm,
TD:= 0.0740 mm,
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THs = 00496 mm,
TDs = 01044 mm

According  equation (14}

The Dimensions with its tolerance will be {model solution).
D= 57 mm. Dh= 3" mm
D1= 19" mm, Ds=40""" mm

D5 =" mm
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7.1.2 Computer Model Procedure

The case study example is drawn using AwoCAD software, the drawing is saved as
DXF file. When running the program the user selects option "Load DXF file" from the
main menu, the program will ask the DXF file name. The system analyzes the file and
detects individual parts of the assembly There are two cases :

The first case, the part has a dcfination in the program dalabase then the program will
recognize the part and Lhe only input is the scaling factor (Ai) as shownin Fig. 7.

The second case when the part has not got a definition in the daiabase then a menu will appear on
the screen has the different forms of shapes and the user enters the form number as shown in Fig. 8,
after that the user nwst input the nominal dimension and the scaling factor.
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Finally the user inputs the function dimension, and can select on of two ways for solution.

The first solution is "Inittal Tolerance Distribution” which produces an initial distribution for
tolerances. This option may be used when the user needs a rough tolerance distribution (Fig. 9).

The second choice is "Optimum Tolerance Distribution” which is used to generate M-
file for MATLAB software to produce optimum tolerance distribution as shown in Fig. 10,
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This work introduces a method for tolerance distribution to individual parts in
mechanical assemblies to™ sarisfy the fanction requirments with minimum production cost.
The new  work ties between two different existing methods which are, tolerance .analysis
and synthesis of tolerancing, and the second one is cost-tolerance algorithms. The
integration between two methods have many advantage which are :

- There are a conection between tolerence distribution and confidence level of funcrion
dimension which means, it is possible to select a value for confidence level of the
function dimension therefor the values of tolerance assigninent will be changed due 10
this change.

-There is a guarantee 1o get the required tolerance at the desired position.
-Saving in production cost (is about 20% in the illustrated example ).

This work intrcduces a computer sysiem (CATD) to computerize the previous
methods. The new system has the ability 1o be integrated with CAD systems. That means,
it is possible to transfer data between CAD system Lo the new system wilhout any human
assistance by using rules of a form definitions in its knowledge base.



Mansoura Engineering Journal, (MEJ), Vol. 21, No 1, March 1996 M. 45

9. REFERENCES

ir
(2]

3]

(4]
(5]
(6]
(7]
(8]
19
(10]

(1]

(12]
(13]
{14]
(15]
[16]
(17]

(18]

Bjorke, O., "Computer aided tolerancing”, 2 nd edition, New York, ASME Press, 1989.

Greenwood, W H. and Chase, X W_, "A new rolerance analysis method for designer and
manufacturer*, J. of Eng. for Industry, Trans. of ASME, Vol. 109, P, 112-116, 1987,

Balling, R.J, Free, J.C. and Parkinson, A.R., "Consideration of worst-case manufacturing
tolerances in design optimization", I. of mechanisms, Transmission and Automation design,
Trans., of ASME, Vol. 108, P 438.441, 1986,

Dong, Z.. and Soom, A., "Optimal tolerance design with automatic incorporation of
manufacturing knowledge”, [EE Integrated Systems Conference, 1989.

Spouts M.F., “Dimensioning and Lolerancing for quantity production”, Published by Prentice-
Hall, Inc., Englewood Cliffs, New Jersey, 1983,

He JR., "Tolerancing for manufacturing via cost minimization”, Int. J. Mech. Tools
Manufact., Vol. 31 Na._ 4, P 455-470, 1991,

Trucks, H.E., "Designing for economical production”, Society of Manufacuturing Engineers,
EDearbon, Michigan, 1976, '

Dieter, G.E., "Engineering design a material and processing approach®, McGraw-Hill, New
York, [983

Speckhart, F.H., "Calculation of tolerance based on a minimum cost approach®, J. of
Engineering for Industry, Trans, of ASME, P 447-453, 1972

Spouts M.F., "Allocation tolerances 1o minimize cost of assembly’, }. of Engineering for
Indusiry, Trans. of ASME, P 762-764, 1973.

Sutherland, G H., Roth, B., "Mechanism esign: accounting for manufacturing tolerances and
costs in function generalation problems”, J. Eng. Ind., Trans. of ASME, Vol. 98, P. 283-286,
1975.

Michel, W, and Siddal, J.N., "The optimization problem with optimal tolerance assignment
and full acceptance”, I. of Mechanical Design, Trans. of ASME, Vol 103, P. 842-845, 1981.

Chase, K. W., Greenwood, W H., "Design issues in mechanical lolerance analysis", ASME
Manuf Rev., Vol. 1 No. I, P. 50-59, 1988,

Lee ' WD. and Woo, T.C., "Optimum selection of discrete tolerances”, J. of Mechanisms
Transmission, and automation in design, Trans. of ASME, Vol. 111, P243.25], 1989

Wu., Z., Elmaraghy, W H. and Elmaraghy, H.A , “Evaluation of cost-tolerance algorithms for
design tolerane analysis synthesis", ASME Manu Rev., Vol. 1 No. 3, P 168-179, 1988.

Dong, Z., Ho, W., and Dixue, I}, "New production cost tolerance models for tolerancc
synthesis”, I. of Engineering for industry, Vol, 116, P. 199-206, 1994,

Karal, Anderou, "Computer aided tolerance analysis”, Soe. Manufu. Eng., MS84, 762.P |-
14, 1984,

IM. Elewa and K.A. Kamal , "Computer-aided tolerance distribution for parts in mcchanical
assembly”, Furst Engineering Conference, Mansoura, MP 254-256, [993.





