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Grinding Condition Optimization and Surface Roughness
Prediction Using Taguchi and Response Surface Methods

Department of Machine Design Egnieering,
Graduate School of Pukyong National University

Sung-Gug Kim

ABSTRACT

Grinding is a finishing operation of products in various areas. Surface
roughness of industrial components obtained in grinding operation is a critical
quality measure but is a function of many operating parameters and their
interactions. To achieve higher surface roughness and to identify the influence
of grinding parameters on surface roughness, it is an ideal situation for using
the design of experiments.

The Taguchi design method is a simple and robust technique for optimizing the
process parameters. In this method, main parameters which are assumed to have
influence on process results are located at different rows in a designed orthogonal
array. With such an arrangement completely randomized experiments can be
conducted. In general, signal to noise (S/N) ratio represents quality characteristics for

the observed data in the Taguchi design of experiments. Depending on the

experimental objective, there are several quality characteristics. From the S/N ratio, the
effective parameters having influence on process results can be seen and the optimal
sets of process parameters can be determined.

Often engineering experimenters wish to find the conditions under which a certain

process attains the optimal results. That is, they want to determine the levels of the



design parameters at which the response reaches its optimum. The optimum could be
either a maximum or a minimum of a function of the design parameters. One of
methodologiesfor obtaining the optimum is response surface technique. Response
surface methodology is a collection of statistical and mathematical methods that arc
useful for the modeling and analyzing engineering problems. In this technique, the
main objective is to optimize the response surface that is influenced by various process
parameters.

This paper presents an successful optimization of grinding conditions and
prediction of surface roughness using the design of experiments. From the

experimental verfication tests, it was observed that this approach was useful as

a robust design methodology for grinding operation.

Key Words : Taguchi method(TH% 7]%), Response surface method(RH-& 3
A 7]|%), Grinding conditions(¥dA+2=), Surface roughness( %

7 2 71), Optimization (3 2} 3}
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Nomenclature

Type of abrasives

Grain size number, Mesh

Depth of cut, um

Table speed, m/min

The number of spark-out

Ratio of mean squares

Loss function in Taguchi method
Material removal rate, mm’/min
Sum of squares

Mean square

Stationary point

Measured data, um

Residual error

Signal-to-noise ratio, dB

S/N ratio at optimal condition, dB
Average of measured data, pm
Independent variables

Percentage distribution, %
Standard deviation, um

Degree of freedom
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2.1 Taguchi 7]H

QR 9] Genechi Taguchi7} BHE FEW|ERE ©| &3 ‘Taguchi 7I1H' & F

Po] BAAG v AAEN ST 2UE0] AFA] A FEe
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Loss function, L{v)

Charactenistic value, y
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Loss function, L(y)
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Fig. 1 Plots of loss function in design of experiments
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L=

o] 7)dAEE el 7] o] &(percentage distribution, p)< T3t Zo] 7
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Pg= S, > 100 2.20)
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O S—l;xloo (2.21)
g
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Table 1 ANOVA for two-way factorial design

Factor 5 ¢ g Fo ¥ p(%)
A Sa 1-1 Sa/®a Va/Ve Sa' o7
B Se m-1 Se/ds Ve/V. Sg' Pr
e Se (1-1)(m-1) Se/De Se' Pe
T St lm-1 St 100%

7 A,

wlAB)=z,+z,—x (2.25)

(l' L TT T ) it(ﬁbe;E) n, (2.26)
A71M, p o FEVEFE T 2ol 780

n, = —m (2.27)

(2.28)
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y = B+ Bir + Bars + [5113/'? + r’jzzfé + 3157125 (2.33)
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(a) maxima point (b) minima point

.

(¢) saddle point

Fig. 3 Contour plots for differential stationary points
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5%, 949 =7, 2ol HolZ &% B zvIckrox HAsIth
7k ¢lze] S F(level) 29AR MEAH oA, 7 FA AL S Table 29
2ok wmd wRdARE I Fi, A45E R 49820 A
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s8d 4L Table 33} 40 VEIATh B B AT HAR L@
o o3 H7HEatE Fig 49 2

Table 2 Factors and their levels used in experiment

Factors Code Level 1 Level 2
Abrasive A WA GC
Grain size(#) B 120 200
Depth of cut(iim) C 10 20
Table speed(m/min) D 7.5 12.5
Spark-out{No.) E 0 1

Workpiece : SKH5I
(100%22x20mm)
Constant fact
onstant tactors Wheel speed : 1800rpm
Coolant : Wet




Table 3 Mechanical properties of specimen

Tensile strength (kgf/mmz) 230
Fracture strength (kgf/mmz) 546
Fatigue strength (kgf/mmz) 62
Young's modulus (kg#/mm®) 22,100
Hardness (HrC) 62

Table 4 Chemical composition of specimen(% wt)

C Si Mn P S Cr Mo W v Cu Ni

08 | 037 | 038 | 0.03 | 0.03 | 390 470 623 | 1.76 | 0.21 | 0.23

_19_



Desired objective E
I

‘ Design of experiment

¥ Factors and levels
¥ Orthogonal array

Experimental evaluation
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» Influence evaluation

> ANOV A

Optimum conditions
[

Surface roughness prediction |
» By $/N ratio ;
» By surface response method
_{First and second-order mudels) §

Verification by experiments
¥ Optimum condition
» Arbitrary conditions

Fig. 4 An approach procedure for design of experiments
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Photo. 1 Experimental setup

Photo. 2 Measuring instruments of surface roughness
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3.2 AgAn

Al
ax

Mo

AE L Table 5o LR HuwjA o] mhebd AAFSR, 4 dFolA
EAAA7E 3384 =Hsd. gRAEY] @2 AE FF FoEE SN
ratio) A+ A (2.10)0] WER GAa5A A4S o &5kt 2FlM e
2 FAAA7] g7 o]2RE AME SN ratiow Table 63 ZTh

Table 6 Experimental results and calculated S/N ratio of surface roughness

Measured surface roughness, R,(1m) S/N ratio,

Run R, 1 R, 2 R, 3 n (dB)
1 0.34 0.44 0.37 8.27
2 0.34 0.30 0.30 10.06
3 0.31 0.32 0.35 9.70
4 0.62 0.58 0.62 433
5 0.33 0.31 0.32 9.89
6 0.36 0.32 0.36 9.18
7 0.44 0.47 0.46 6.80
8 0.48 0.47 0.50 6.31
9 0.43 0.48 0.47 6.73
10 0.54 0.58 0.56 5.03
11 0.50 0.47 0.55 5.88
12 0.48 0.44 0.45 6.80
13 0.37 0.38 0.41 8.24
14 0.30 0.32 0.32 10.07
15 0.33 0.30 0.31 10.07
16 0.38 0.32 0.38 8.84
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321 QA A2 9 HAxH AA

Table 72 Table 621 SN ratoZ ©]&&te] z Qxte] &8 ®HA A7
v] 7= o 8 (influence) ¥ NAPE G o] A(difference)= yepd Aot
dzso], 9latel A7(By7F ERA AV v FFH G AgkEe] A

g} Zol P 4 Utk

1 .
B,- T m+rmtn+ 0+ het T+ M) (3.1
1
Bg =§ (nr, -+ s -+ UH -+ M + Tz + TI‘JJ + The + The ) (32)
Differece = | B, =B, | (3-3)

Table 7 Result table of S/N ratio for each factor

Factor A B c D E
Level 1 8.072 7.105 8.439 8.202 7.077
Level 2 7.712 8.679 7.346 7.582 8.707

Difference 0.361 1.575 1.093 0.620 1.631

Fig. 7€ 7t QU2 9] £Fo] Wgol mety ZRAL T R
=AE Aotk o747 FE sl whe gard Avh 27 vEhde 9
Fas® = 7e7] Wt 2 A% D5 keEel RRALI)) Be

ke mACh wbaA B AT M AlEE Qb FoAE AmkolR(E),
Q=to] =7|(B), BYRol(C)e &£MZ BAALI B2 dFL v AL
golZ £5D) 2 4AY FFHAE 7HE £AA L7 AT ST
WlZd 4e e ¢ F ok HelE 57k ZEA LT vlAE Gl
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322 AAY Az Aol o JF
s, AavlEEe] mEAAYE zh AAE SEWstel webd F¥e
Hre mutelel 7b QxS As Al oAz AFE =T Table 9
= s AsAF o dFHS Tl F& FHEAAET ek
Aoz 78 QiAo H7]eh AupFololo] A4FFHE(BENE T Eol
ATt
B.E, . % ("71 + i+ tho T Mo ) (34)
B1E2:1I("’IE+‘T]3+'7?9+7)12) (3.5)
BQET:%(7I($+7]T+7711%+7]l(5) (3.6)
B2E2=%‘ (T]n + et s+ s ) (3-7)

Table 9 Result table of S/N ratio for interaction

Interaction B BD CE BE
Level 11 7.527 7.851 7.685 5.883
Level 12 6.683 6.859 9.192 8.327
Level 21 9.380 8.453 6.469 8.271
Level 22 7.978 8.405 8.223 9.088
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golr 7] el &
BMEE Table 109 YEMATH 9714 g ZF AXE SN ratio®] AF

2, 45 7 A 2Hf E(degree of freedom)E, VT ATHdE, £, AE
7

i

e el B3] x9} wx= F-EF & B8t 2 95% (£, = 4.35)

S 99% (£, =8.10)9) FAFES WEHTE o @k

Table 10 ANOVA for S/N ratio

9 @ |5 F;
A 0.008 1 0.008 0.57
B 0.154 1 0.154 11.00%*
C 0.074 1 0.074 5.28*
D 0.023 1 0.023 1.64
E 0.166 1 0.166 11.85%*
BC 0.691 i 0.691] 49.35%*
BD 0.288 1 0.288 20.57**
CE 0.298 1 0.298 21.28%*
BE 0.691 1 0.691 49 35%*
(e) 0.291 20 0.014
Total 2.684 31
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ke
p

4.1 S/N ratio® o] &3 ERAAY A3

2 2
Table 83 Zro] XMAHEAARE, 0131% HAAatzANA Ag F o= BW
AR7 e =g T, oo AazAdA g F e BUA
7 ZHS SN ratio® ol &3te] d &gt A Aorksd YAES AH
23E ABCDECEE o|2REH ERALYE oS5 ¥ Eoh
Hop = 1+ (A =)+ {Be—1) + (O —
+ (D, —n)+ (E,—n)=10.531
A7) ;= SN ratio®) BEHE 7.80201ch wEbA HHAZAA o]
2 4= 9lE B EYE dg ) o] Adtdr
alop) = 107" = 0.29um (4.2)
A SN ratioZ 0]2% BHAAY dF Mo FEHE LotRy) A
A, AEAsrzo] ol AA7IsE dolo] oMo 2RA
soith olele] T gaze AmAdRd H9E sHA ¥ FHOE
XN ARGDE™ ABCDESE Azt ¥8AL7 dE7HgL 4
(4.3), (4.4), (4.5)%F Zr}

NA, B, D E = ?_7 + (A, — 7-1 )+ (B‘z*T-i )+ (C:*T—))

(4.3)
+(Dy=n)+(E—n)=7.188

Ra (A, BGD.E ) =10 "™ =0.437um (4.4)

Ra{A,BGDE)=10"*"""=0.356um {4.5)
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42 W3 EE S o mEAEY] dF

421 17 9rg-ad 249 L

7t QReRE EUALE dFds T o dHes 1k wgEE B
ae 2 467 o] HAEYTh @714 A, B. C, D, B 47 dAe] £

5. Azte] =), "], HolE £&, £vFA0LE-E on|Tin

Ra = Bo+ BiA+ BB+ B:C+ 3,0+ (B E 4.6)
2 (46l Z+ ARZAT dojy FRAAYE digiste] 13 e Ed zd
ol dux = AFHY B theI #o] Foth

[B] = (XX XY (4.7)
Q714 [X)Je T dgxyer FAFE X] 339 A %™ (ranspose
matrix), [Y]E= A@elA gold BEAE7) oz FALHE Fhojrt 29
273 gUAANE gYsd, 4 QAEREE 92 F A 17 ves
W maE thg 2

Ra (ABCDE) = 0.49 +0.0154 —0.0798
+0.053C+0.035D—0.077TE

2 a8l A Aol Z By vt Tk FFET ST
A7) TolAL & F o, EF FAYZONO)S HolE F
ob ootk Ty, HAZAHNA AL ARk
S o 13 AAEE AL AHE 13 WHEEY B
g oh 4%0 nas T At

Ra(BCD)=0.428—0.0798+0.053C+ 0.0350 (4.9)

A7, Fad FEAAYE 43 £ Qe 13 kg Ed 2do] vk
saw7tE Hrber] 9 2RAFRNYE Fordvh diHes ARAF
o) I71= g<R<t0laL, 10 TAE 2 1ab uheEw Bdo ARTE FO
2 48014 Ay ARASFE R = 07360tk EE AR A FH 7ol
000272 WS ZA7|EEo oA 14 HeFEWE 2L FES FA¥E ¢
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gtk BEiARYE dEg 5 e 13 e Ed Zdd gk 24E
“ Table 1191 JERLTE 13 ghgEE 299 afErtb sojal 3o

4457t 109 wel F-ASFl AAE ghol 95% A F 77k

el 17 wremd o R Fy=5.5917T & ©] 2 & A=

o} wpEbdq B oa ukgEE mdel AFTTE dFHE £EAAY ;0
05% Wl 2AFT F ALE ¢ F A
Table 11 Analysis of variance for first-order response surface model
8 @ Wi Fyi
First-order Model 0.0755 5 0.0151 5.5917*
Residual 0.0270 10 0.0027
Total 0.1025 15

SN ratiod] A &} nFR7FR 2 A @.8)elA & 1 R g HAF
ANZAURCDE) D D9 F Z2A(A4,BGDE. ABGDE)S o 9 3t
of FHRARAVE dSZetdE 47 o 2o

R, (ABCDE)=0.28um (4.10)
R, (ABCDE ) =0.449um (4.11)
R, (AIBlcupaErz) =0.36um (4-12)

o]E A= §/N ratioo]l A &3 BHEAE

o -
2 4 4 otk

7) @ 2 el 9

0
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2

O,

Aol = =
B e} o] FeluAstE WEEFS Yol & & §lE W 1A %2
a} ®

Adsty] el TRARLI G 7 AXe] BAE v #

Ra(BCD)= By+ BB+ B,C+ BD+ ByB* + B3, C°
+ BygD*+ B3 BC+ By BD+ B34 CD (4.12)

B, C. D= 4Ae =7), 2o, dojs £55 Yekdrh 13 HERd
pam 2og whiog Ao foln BUAAY GES s AT
A (1R T F Uy, 27 weEE 2L gy gol gAddn

Ra(BCD)= 0.8762+0.00248—0.0897C — 0.0077D—0.0031C*
+0.0034D°—0.0001BD+0.0018CD (4.13)

A go)g i RE] ALl A HAo e AYSE gzl
o] MATLABS o}g3taith 23 whgud 22 EAEHEE Table 1291
LERA AT

o,
Siid

Table 12 Analysis of variance for second-order response surface model

b & |4 £y
Second-order Model 0.2113 9 0.0234 8.07%*
Residual 0.0174 6 0.0029
Total 0.2287 15
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Fig. 10 Relationship between predicted and measured surface roughness by first-order

response surface model
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Fig. 12 3D plot of second-order response surface model for predicting surface

roughness according to depth of cut and table speed
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Fig. 14 3D plot of second-order response surface model for predicting surface

roughness according to depth of cut and grain size
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<APPENDIX>

[S/N ratio Al2tE ZE )

/***************************************************************************/

¥ */
/* Calculating program for Taguchi S/N ratio */
[* by Sung-Gug Kim */
I *)

/***************************************************************************/

#include <stdio.h>
#include <math.h>

#include <conio.h>

void main(void)

3
T

double average=0, In_A1=0, In_A2=0, In_B1=0, In_B2=0, In C1=0,
In C2=0, In_D1=0, In_D2=0, In_E1=0, In_E2=0, Di_A=0,
Di_B=0, Di_C-0, Di_D=0. Di_E=0, In_AB11=0, In AB12=0,
In AC11=0, in_AC12=0, In_BC11=0, In_BC12=0, In DE11=0,
In DE12=0, In AD11=0, In_ADI12=0, In_BD11=0, In_BDI12=0,
In CE11=0, In CE12=0, In_CD11=0, In_CDI2-0, In_BEI11=0,
In_BE12=0, In AE11=0, In_AE12=0, In_AB2]=0, In_AB22=0,
In_ AC21=0, In_AC22=0, In BC21=0, In BC22=0, In_DE21=0,
in DE22=0, In_AD21=0, In_AD22=0, In_BD21-0, In_BD22=0,
In_CE21=0, In CE22=0, In_CD21=0, In CD22=0, In BE21=0,
In BE22=0, In_AE21=0, In AE22=0 ;

float e1=8.276, e2=10.064, €3=9.706, ed4=4.336, ¢5=9.804, e6=9.188,
e7=6.804, ¢8=6.312, ¢9=6.735, el0=5.032, e11=5.887,
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e12=6.802, €13=8.244, ¢14=10.075, e15=10.072, e16=8.847 |

printf("n") ;

pn'ntf("/******************************************************f\n") -
»

printf("/* *h\n'"y
printf{("/* This program was made for calculating S/N ratio! *n") ;
printf("/* *n”)

printf("/******************************************************/\nn)

printf{("\n\n") ;

In Al = (el + e2 + e3 + ed + e5 + eb + €7 + e8)/8.0 ;
In A2 = (e9 + ¢10 + ell + el2 + el3 + eld +el5 + el6)8.0 ;
Di A = fabs(In_Al - In_A2) ;

In Bl = (el +¢2 + €3+ ed+ed el0 + ell + e12)/8.0 ;
In B2 = (e5 + eb + ¢7 1eg + el3 + eld + el5 + e16)/8.0 ;
Di B = fabs(in_B1 - In B2} .

In C1 = (el + €2 + e5 + e6 + e9 + eld + el3 + eld)8.0 ;
In C2 = (e3 + o4 + e7 + e8 + ell + el2 + el5 + el6)/8.0 ;
Di C = fabs(In_C1 - In C2) ;

in D1 = (el +e3 + e5 + e7 + e9 + ell + el3 + el5)/8.0 ;
InD2 = (e2 + e4 + b + 8 + el0 + el2 + el4 + el6)/8.0 ;
Di D = fabs(In D1 - In_D2} ;

In El = (el + e4 + 6 + &7 + el0 + ell + el3 + el6)y/B.0 ;
In E2 = (e2 + €3 + &5 + e + e0 + el2 + eld + el15)/8.0 ;
Di E = fabs(In E1 - In E2) ;

I

In ABll=(el + e2 + e3 + e4)/4.0 ;
In ABI12=(e5 + e6 + e7 + e8)y4.0 ;
In AB21=(¢9 + €l0 + ell + el2)/4.0 ;



In AB22=(el3 + el4 + el5 + el6y4.0 |

In ACl1=(el + e2 + e5 + eb6)/4.0 ;
In AC12=(e3 + e4 + €7 + ¢8)/4.0 ;
In_ AC21=(e9 + €10 + ¢l3 + eldy4.0 ;
In_ AC22=(ell + el2 + el5 + el6)4.0 ;

In BCll=(el + e2 + €9 + el0)/4.0 ;

In BC12=(e3 + ¢4 + ¢l1 + el2)4.0 ;
In BC21=(e5 + €6 + el3 + e14)/4.0 ;
In BC22=(e9 + el0 + el5 + el6)/4.0 ;

In DE1l=(el + 7 + ell + el3)/4.0 :
In DE12=(e3 + e5 + 9 + el5)4.0 ;
In DE21=(e4 + e6 + el0 + €16)/4.0 ;
In DE22=(e2 + 8 + 12 + el4)/4.0 ;

In AD11=(el + €3 + e5 + e7y4.0 .
In AD12=(e2 + e4 + e6 + e8)/4.0 ;
In AD21=(e9 + ell + el3 + el5)/4.0 ;
In AD22=(el0 + el2 + el4 + €16)/4.0 :

In BDil=(el + e3 + €9 + ell)4.0 ;
In BDI2=(e2 + e4 + el0 + ¢12)/4.0 ;
in BD21=(e5 + €7 + el3 + els5)/4.0 ;
In_ BD22=(e6 + e8 + el4 + el6y4.0 ;

In CEll=(el + €6 + el0 + el3)/4.0 ;
In CEI2=(e2 + e5 + 9 + el4)/4.0 .
In CE21=(c4 + €7 + cll + el0)/4.0 ;
In CE22=(e3 + e8 + el2 - el5)/4.0 ;
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In_CD1ll=(el +
In_CDI12=(e2 +
In CD21=(e3 +
In_CD22=(e4 +

In BEll=(el +
In BEI2=(e2 +
In BE21=(e6 +
In BE22=(e5 +

In AEll=(el ~+
In_AE12=(e2 +

[¢)
(]
+ o+ + 4+

e4 +

e3 +

e9 + ¢13)14.0 ;

el0 + el14Y/4.0 ;
ell + el5)4.0 ;

£l

k]

el2 + el6Y4.0 :

el0 + ¢11)/4.0 ;

ed + €12)/4.0 ;

s

el3 + el6y4.0

eld + el5)/4.0 ;

eb + e7)/4.0 ;
e + e8)/4.0 ;

-

In_ AE21=(c10 + ell + el3 + el6)/4.0 ;
In_AE22=(e9 + el2 + eld + el5)/4.0 ;

average=(el+e2+e3+ed+eSted+eTed+eS+ell

t+ell+el2+el3+eld+el5+el6)/16.0 ;

printf("tit [ A SN ratio® 3] ") ;

printf("it In_Al

= %.3f,

In A2 =

In Al, In A2, Di_A) ;

printf("\t In Bl

= %.3f,

In B2 =

In Bl, In_B2, Di_B) ;

prinif("™t In CI

= %.3f,

In C2 =

In C1, In C2, D1 C) ;

printf("™t In_D1

= %.3f,

In D2

In D1, In D2, Di D) ;

printf("\t In_E1

= %.3{,

In E2 =

In_El, In E2, Di E} ;

printf(™nin");
printf("\t
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%.3£,

%.3f,

%.31,

%.3f,

%.3f,

(4EA% $N ratioS ] "

Di A = %.3fn",
Di B = %.3fw",
Di C = %.3fn",
Di D = %.3fn",
Di E = %.3fn",



printf("In AB11 = %.3f, In ABI2 = %.3f In AB21 = %.3f,

In_AB22 = %.J3fn", In_ABII, In AB12, In AB21, In_AB22) ;
printf("In AC11 = %.3f, In ACI12 = %.3f, In AC21 = %.3f

In AC22 = %.3fw", In_ ACI1I, In AC12, In_AC21, In_AC22} ;
printf("In BC11 = %.3f, In BC12 = %.3f, In BC21 = %.J3f,

In BC22 = %.3fw", In BC11, In_BCI12, In_BC21, In_BC22) ;
printf("In_DE11 = %.3f, In_DE12 = %.3f, In DE21 = %.3f,

In_DE22 = %.3fw", In_DEIIL, In DE12, In DE21, In_DE22) ,
printf("In. ADI1 = %.3f, In ADI2 = %.3f, In AD21 = %.3f,

In_AD22 = %.3f\n", In_ADII1, In_ADI2, In AD21, In_AD22) ;
printf("In BDI1 = %.3f, In BD12 = %.3f, In BD21 = %.3{,

In BD22 = %.3fn", In_BDI1, In BDI2, In BD21, In BD22) ;
printf("In_CE1! = %.3f, In_CE12 = %.3f, In_CE2! = %.3f

In CE22 = %.3f\n", In CE11, In_CEI12, In_CE21, In_CE22) ;
printf("In_CD11 = %.3f, In CDI12 = %.3f, In CD21 = %.3{,

in CD22 = %.J3fn", In CDI1, In CDI12, In CD21, In_CD22) ;
printf("In BE11 = %.3f, In BEI2 = %.3f, In BE2l = %.3f

In BE22 = %.3fn", In_BE11l, In BEI12, In BE21, In BE22) :
printf("In_AE11 = %.3f, In AE12 = %3f, In AE2l = %.J3f,

In AE22 = %3fn", In_AE1l, In AEI2, In_AE2l, In AE22) ;

printf("n\t\tit Eta average = %.3fn",average) ;
printf("n'n End of program !"\n") ;

getch( ) ;
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