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AUTOMATED PROCESS ADJUSTMENT TO
IMPROVE PROCESS CAPABILITY

Applying Adjustment Calculator Using Predictive Statistics
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PROCESS FLOW CHART

ObjeCtive Raw MateriaI‘
To improve Process Stability at Hard Turning Billet Cutting 2
Process. Forging

s/ncorporating Auto Inspection and Auto Tool
Wear Offset (Adjustment) to eliminate Manual Coining 3

Intervention in the Process. Soft Machining

&

Heat Treatmenl

Hard Turning

Inspection ‘

Packing & Dispatch
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Methodology

. : CRITICAL PARAMETERS LIST
 Part Selection carried out
. epe o oy Sr. No | Part No. Parameter LSL USL
by prioritizing the Critical
. COUNTER BORE 1 33.402 33.426
PCI ram e'l'ers bel N g 08AL BOSS LENGTH 61.740 61.940
. 1 COUNTER BORE 2 33.476 33.500
RIGHT
manufactured in Hard p— o Py
Turn|ng Process q nd Qs BORE DIA 34.920 34.960
2 |TI02A1  [BOSS DIA 55.000 55.025
I\/\Oﬂ'l‘h|y SC”eS \/O|U me. 3 |TI02A1  |[BOSS DIA 55.000 55.025
4 |TFO7B1  |BORE DIA 25.536 25.540
5 |TFO6A1  [BOSS DIA 69.604 69.612
6 |SPO1A1  [BOSS DIA 37.959 37.975
E 7 PTO2B1 BORE DIA 22.215 22.242
8 |MS02B1 |BORE DIA 15.003 15.024
9 |PTO2B1 |BORE DIA 22.215 22.247
Microsoft Excel 10 PTO02B1 BORE DIA 22.21F
11  |MSO08A1 |BOSS DIA
Worksheet 12 |MM16B1 |BORE DIA
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Background - Current Process Situation

* The Hard Machining is carried out on CNC Turning
Machine with Auto Loading & Unloading of Parts
through Robot Gantry System.

 100% Parts are verified for the Parameter.

 Manually Tool Wear Offset (Adjustment) is carried out
IN CNC Turning Machine.
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Adjustment Process

The Tool Wear Offset is provided in CNC Machine for
the compensation of the Insert Wear

Tool Wear Offset are provided for maintaining the
Parts at the Mean Value.

Operator is taking the Tool Offset (Adjustment)
based on his skill / best of his knowledge and no
statistical tools are applied to know the Adjustment
amount,
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Manual Intervention

Machine Operator is operating CNC Turning Machine with
2 Spindles (Machining 2 Different or Same Parts running).

* Process requires the Machine Operator 1o be present on
the Machine at all times:

To Inspect the Part
To Provide Tool Wear Offset based on Needs.

To record the Observed Values in Periodic Inspection Reports
and Pre Control Charts.

« For a normal process Machine Operator has to take 14 to
18 Offset per Machine Spindle.
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Target

« Auto Inspection to be initiated with facility of Auto
Adjustment (Tool Offset). Proposed Benefits:
« Elimination of Manual Inspection & Adjustment.

« Reduction of Manpower one Machine Operator can
operate up to 3 Machines (with 2 Spindle each).

« Auto Recording of the Observations (Inspection Values).
« Continuous Run Charts to observe Trends.
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Trial Plan

Selecting Parts for conducting Trials.
Capturing the Tool Wear through Statistics.
Generating Tool Wear offset Calculator
Trials with Calculator.

Establishing the Auto Adjustment Mechanism.

Monitoring the Auto Adjustment and
Improvement Actions.
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Part Selection

« Parameters : Bore Diameter
« Specification ; 17H8 (17.000 ~17.027 mm)

 Machine M 71 (Muratec Machine 2 Spindle)

SPO1B1 ' \ ¢ .
| | - ‘\
f

Differential ‘ RO -
Bevel Pinion N ——
217.000

17.027

Note: Measurement done by an air-gauge, across the length of the bore, and the minimum of
the measured value taken while making sure that the ovality and taper are below 3 u, each.
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Hard Turning Process
/ CLAMPING

RESTING /
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First Step

* |n order to understand the behavior of the process,
an experiment was conducted in which parts were
manufactured...

«  Without giving an offset.
« Till sufficient number of Rejections (Defects) were produced.
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Experimental Data

17.030

17.025

17.020

17.015

HMeg

17.005

17.000

16.995 -

I
171

e=fmwBore Diameter, mm

OBSERVATIONS of Parts manufactured at Hard
Machining without taking Tool Wear Offset
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Understanding the Data

17.030
17.025
17.020
U ore Diameter, mm
17.015 -%G Ne! © Bore Diameter,
-.!f. = li' Ty o o | S|
17.010 +—— = — =~ e Q 0= Q — S|
Q OG-S -r. ! g?_: 7 (S% y = -9E-05x + 17.014 ——Linear (Bore Diameter, mm)
YRGS TseRena o KO
17.000 Q iy . , 0
S ST
169955 AT e
1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 161 171
Best Fit Line for the Observations.
Fitted Line: y = a + B*x
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Simulation

Trend Chart
BEFORE AFTER
17.030
0.9149 2.6072 Cp
17.027
17025 0.3755|  2.4758(C,,
< Bore Diameter, mm
17.020 st
(] ] ~ S (\I‘I 17.018

o1 100 0 — o s—=—=00 0 —— 00— 0 — V=0 —usL

. 7-‘,. T T o . - Sl P RPN SN - y] y = 7E-08x + 17.013 O Corrected Bore Diameter, mm
17.010 +— (‘J - o o T _- (("l((}((;? Q 1(5(((() é{g&(}g) & (()(} ((I'ELI J— —LCL (Corrected Bore Diamater, mm)

& *"ﬂ‘ -- ;ﬁi Py 17.008 —UCL (Corrected Bore Diamater, mm)
W e L .
17.005 — =% T ey o ‘m O s e inear (Bore Diameter, mm)
COOTNLL L, o, WO
M¢ iy . - & o === inear (Corrected Bore Diameter, mm)
17.000 o e
17.000 ¢ ¢ SELE_L.
& @
16.995 - - - - ; ; . . & . .
0 20 40 60 80 100 120 140 160 180 200
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Simulation : Correction Factor (Offset) taken at

every part based on the Gain () and the Bias («).
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Conclusion of the Simulation

* If the offset is taken based on the @ and g of the
fitted line from the previous data, Process Capability
can be improved significantly.

« Based on the frend of the tool wear, it was decided
that the offset will be taken after every 20 parts
based on the process performance of the previous
20 parts.
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Scheme of the Calculator

« OFFSET CALCULATOR developed based on Linear Regression to
calculate the Offset Values after every 20 Part.

Formulas:
—  Training data
y = Diameter s =XIx./n
. — o Prediction =Zi/n
\N/2
——— Expectation (n+1)/2
- y=a+f* iy = Zyi/n
s(xX) = Z(X- iy’
r\ Ix2-(Ix)/n
= =Zi2-(Z1)/n
' l = [In*(n+1)*(2* n+l»)/t'>|-|n'[n+l),"2|-/n
| \: A:TAa-B‘(].S‘n) =n*(n-1)*(n+1)/12
; i s(xy) = Z(x- ) (¥i- ay)
| ! = IX'yi- (£x)*(Zyi)/n
[ =~ | = Zityi- (Zi)*(Zy)/n
-‘ b A - o L)
1.5*n : ‘\: = Zityi- (n+1)*(Ey.)/2
I
| a+p*(1.5n) : B = s(Xy)/s(xx)
: : a = fly = B*px
)
: : Fitted Line: y = a + B*x
1
o ! _ Let Target, T = (USL+LSL)/2
n 2*n X = parts Since our aimis y, =T,

Offset (in microns), A = 1000*(T - a - B*(1.5*n)); rounded off
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The Calculator

RIGHT LEFT

wed m Seloct "man” o "7 (W Dard, Soom e it i ).

Pairwter :]: Erter the paramseter W mesare asd corel (e exargle, Bare Darter)

[T Ertar Loreer Spacticatee Limt
A Ereer Upper Sped fcation Lk,
Wk “aypm
Tarpm Ertee Target Vadue [Waowp bk foe defaalk)

@ Settings

(2) Running the Calculator
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RIGHT

S. No.

Offset, u

Offset, u

bl il gl gl gl i i
VO NGOODWVMLEWNROOVRNOOUVL OB WN =

(3) Overall Results

RIGHT LEFT
Unit] 5 | u ]
.................................................................. Cum
Offset, u 0 0
.................................................................. Mean |
Target 0.000 0.000]
LCL |
UCL |
................................................................................ [
2
20 o
21
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An Example - Settings

RIGHT LEFT
Unit mm mm Select "mm” or "u" (If blank, then the default is y).
Parameter | Bore Diameter Bore Diameter Enter the parameter to measure and control (for example, ‘Bore Diamter").
LSL 17.000 17.000| Enter Lower Specification Limit.
USL 17.027 17.027| Enter Upper Specification Limit.
Default Target 17.014 17.014
Target Enter Target Value (Keep blank for default).
Calculator 1_1.mp4 calculator 2_@.mp4
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Offset Calculator and the Results of an
Experiment
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RIGHT

LEFT

Unit

mm

mm

Cum

Offset, u

62

48

Mean

17.012

17.013

Target

17.014

17.014

LCL

17.0054

17.0065

UCL

17.0192

17.0193

1.9593

2.1105

1.7881

2.0189

UFT
J
S MO bore Derew Offet. g tee [sarenes Offset. u
i 12.015 17.013
2 12013 17.012
17038 17.010
12.000 17.0m
17630 17003
5 12011 17.006
? 12,011 1.017
) 12,009 013
17,010 o1y
o 1701 1.0
1 17.008 17.014
12 17.008 17.013
ft) 17,08 17.013
12,008 r.01
1 17034 17.00
1% 7,008 17.01
17 17,008 17.014
1 12,011 17.013
1 17,08 17.013
2 17,030 17.013
2 17.008 17.013
n 17.018 17.012
12012 17.03
12013 17.013
n 17014 Y
% 12.013
2 17.013
4 12011 ’]’),0
n 1 X 1
» ,]'LQ 17.011
3 — 17.010
2 QO - 17.013
33 P 1.011
7 17611 17013
» 17613 17.011
k. 17.011 17.005
Y] 12011 12.013
) 12018 17.009
n 17.000 17.010
a 17.010 17.009
a mn Trmal
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Stability of the Process

Cp 1.9593
17.030 Cpk 1.7881
17.027
17.025
17.020 o 7019
o A o oo &P 8 Q ao % o
0 0Wd B coo 8° §8an o) dw o o) 3 8
17015 OG0 OO~ O KOO LA OO e OO O- OO VO OO o g
(5) o CACH0) O 7 0O 0 S 'y [4in) L Dia - Right
o o R ey R s T SO o SOl el
Ltoo«to LY 00 COTQUT 1) 000 0 OO 10 O 0 L1ICHKE™ U ICGILOOIE, O 1], IO O IS O GO =uct/tcL
o0 QPR COZ & © ORI 00T W FO AL O EG G OGP S ) —Ust/LsL
O SO & o 0C o °% oo o
-9 5] © ©
17.005 T @ & T T T 7.005.
17.000 17.000
16.995
0 100 200 300 400 500 600 700 800
Cp 2.1105
17.030
Cpk 2.0189
17.025
°
e c°=co'o Y ) 7013
1
8 ) o © o) ro?(%o %09, Q%0 (ng)cg( {ﬁ%&‘{?&% 2 “Q o o o ? Q
o8 T SOR0 €50, e en0i iR (SO OO (O 8 MO (K O, (R MO (AR XS D O Dia- Left
e A TS i e SES S S (5SS aon T B a0 “ LS TR S S % ‘B
T OO YO0 s RO (O IO (Sge) IO 0 00 00O T, T 0 ek —ua/c
17010 Q—(CUCHOEQ— 00— O O UG (AT — O (OO o0 OO I IO
6 0TS ¢ a3 © © © S SR —ust/ist
4 (o] Ly [NOR L4
(O, O, K — m—
17.007
17.005
17.000 17.000
16.995
] 100 200 300 400 500 600 700 800
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« The method of Offset
Calculator has
resulted in a
significant increase
In process capability.

« However, unstable
points are noticed
on the conftrol
charts.

« Can we improve it
furthere

Microsoft Excel
Worksheet
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Concerns with the Linear Regression Based
Offset Calculator

« Offsetis calculated at a fixed interval (say, after every
20 parts).
» Does not consider tool wear pattern (fast or slow).

 No action is taken for the first 20 parts.

» Danger of scrapping up to 20 parts in case the original set-up
was flawed.

« Assumes normality of the data.
» Assumption is wrong if the actual data is not normally
distributed.

SONA BLW OFFSET CALCULATOR FOR CNC TURNING PAGE 21 /////

RRRRRRRRRRRRRRRRR



Alternative: The Exponentially Weighted
Moving Average (EWMA) Method

« Can quickly detect a small shift in the process
mean.

« Robust to non-normality of the data.
* Provides a forecast where the process mean will
move.

« Control limits used to decide when to make an
adjustment.

« The difference between the target and the forecast of
the mean used to determine how much adjustment is
necessary.
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Application of the EWMA Control Chart
10.75 04 When to adjust.

10.50
How much to adjust.
10.25
=
= 10.00) A ABTV
9.75
9.50 L
9.38
3 6 9 2 15 18 21 24 27 30
Observation
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Simulation of Applying EWMA Method

17.0300
17.0250
—O—Bore Dia
17.0200 {5 -
17.0150 _ v LcL
17.0100 —ud
] 5L
17.0050
S
17.0000 — Linear (Bore Dia)
16.9950 - . . ; .
0 50 100 150 200 250
sigma 0.0023747
Cp 1.89496251
Cpk 1.81157221
Min 17.008 17.000 | LSL
mu 17.013 17.014 | Target
Max 17.020 17.027(USL
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Scheme of the Calculator
The EWMA OFFSET CALCULATOR

Exponentially Weighted Moving Average Control Chart

Z; = /1xl- + (1 - A)Zi—l
0<a1<1
Zy = Ug = Process Target

If the observations x;are independent random variables with variance 2, then
the variance of z;is:

af = a? (ZATA) [1-1-2D%]

And the EWMA Control Chart:

UCL = po + La\/ [1—(1-21)%]

_r
Q-D

Center line = pq

LCL = L A 1—(1-2)%
C—uo—am[_(_)]
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The OFFSET CALCULATOR:

Zo = Yo = Process Target (1)
zp=Ax+ (1= Dz (2)
If zi> UCL, or z; < LCL, then:

Of fset = zy, — z; 3)

Set i =0, and continue with (1).

Note:

0<1<1=0.1,Default.

L = 2.7, Default.

o = (USL - LSL)/(6*Cy") where C,’ is target Process Capability = 1.667, Default.
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The EWMA Calculator

RIGHT LEFT
vua-nnl l Enter the parameter to messure and control (for example, "Bore Diamter’)
LSL Enter Lowwr Specfication Limn.*
UsSL Enter Upper Specificatioa Limic*
(w'm ¥ ~arpet
Taraet | Enter Tanget Valoe (Keop blank for defauk)

(awraam be PAMA

| il | | Enter the lambda Vs 0 < 3 S 1 (Keop blank for defislt=01)
[ L | | Enterthe L Value Z % L % 3 (Keep blank for default=2.7)
| Tarmse Cp| | | Enter the target Cp Vilue (Koep blask Sor Selault=1.667)

* M dia vy bt

I aoy of the cells bs Em&munmhmmwunnwm.

@ Settings

(2) Running the Calculator

-
[

__1-:I
1

16}

-
olw

-
N

15

17|

-

21
22

QW NN B W N
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(3) Overall Results

RIGHT LEFT
| Csm Offset 0.000 0.000|
| Mean |
|  Target 0.000 0.000)

C, 1 "OIV/o! sowv/o!

Cal  #OIV/O! #OIV/0!
[ Min 0.0000 0.0000|
| Max 0.0000 0.0000 |
| LSL 0.0000 0.0000|
| USL 0.0000 0.0000|

PAGE
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An Example - Settings

Parameter | Bore Diameter l Bore Diameter Enter the parameter to measure and control (for example, '‘Bore Diamter").

LSL 0.000 0.000| Enter Lower Specification Limit.*
USL 27.000 27.000| Enter Upper Specification Limit.*
Default Target 13.500 13.500
Target 13.500 13.500| Enter Target Value (Keep blank for default). EWMA.m p4
Constants for EWMA
A Enter the lambda Value 0 < 4 < 1 (Keep blank for default=0.1).
L Enter the L Value 2 < L < 3 (Keep blank for default=2.7).
Target Cp 2.000 2.000| Enter the target Cp Value (Keep blank for default=1.667).
* Mandatory input.
If any of the cells is like this, then there is an error in the input, or it is an incomplete input.
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EWMA Offset Calculator and the Results of an
Experiment

T

RIGHT LEFT

[ Cum Offset 18.474 13.540|

| Mean 12.481 12.684 |

) — - \_ | Target 13.500 13.500 |
fep e C, 19324 2.3526
7507 — ) w— Coi 1.7866 2.2105

11 0000

12 8¢
11 80

AT A A A A3

3 00 120600 Min 4.0000 6.0000
7 — ) — Max 18.0000 18.0000

o T LSL 0.0000 0.0000
1) — P2, — USL 27.0000 27.0000

EESY RN EE

12 oo
viooo| Laeiad | ireceo]
150
& o 116600
2.} oooof 14 0000 ,,
« 0 12 0600
L L2 0000
&r] " 13 00m0 | taceco
a Taooool T

+ _______ ;.'?:oc
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How the Calculator Worked

RIGHT

250

300

350

=O=Bore Diameter

LEFT

50 100 150 200

350

‘@=OmBore Diameter

—
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Trials with EWMA
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OFFSET CALCULATOR FOR CNC TURNING

SUMMARY SHEET FOR TRIALS CONDUCTED WITH EWMA CONTROL CHART
Machine Offset Frequency | Curmmulative Offset Cp Cpk
S.No. Date Part No Parameter LSL UsL Qty Duration Remarks
No Right Left Right Left Right Left Right Left
1 M71 20-06-2018 | SPO1BL Bore Dia 0.000 27.000 240 0 8 0.00] -5.51 2.49 1.77} 2.4106 1.7320 |1.5hrs Ewma v
2 M71 22-06-2018 | SPO1B1 Bore Dia 0000 | 27.000 120 3 2 435 -2.49 312 2420 2.8019 2.2207 |1hrs Ewmav0_1
3 M71 23-06-2018 SPo1B1 Bore Dia 0.000 27.000 840 15 11 18.47] 13.54 1.93 235 1.7866 2.2105 ([Shrs Ewmav0 1
4 M8d 24-07-2018 LIOBAL Boss Dia 43,925 43,945 120 17 20 -14.44 -15.06 1.11 145 0.6898 0.803 |[2hrs Ewmav0_ 1
3 M 84 31-07-2018 LI08A1 Boss Dia 43.925 43,945 120 16 16 -12.83 -12.79 1.17 139 0739 0.8902 |2.5hrs Ewmav0 1
& M84 01-08-2018 LI0BA1L Boss Dia 43.925 43,945 120 11 4 -9.06| -4.07 1.63 150 1.237% 1.2864 |[2.5hrs Ewmav0_1
7 M 84 09-08-2018 Liogal Boss Dia 43.925 43,945 300 45 28 -35.18 -22.69 1.58 157 0.9836 1.2193 |4hrs Ewmav0_1
8 M 84 11-08-2018 LI0BA1L Bore Dia 34.920 34,960 154 10 10 -17.54 -17.54 3.05 2.82] 2.4607 2.2698 |3.5hrs Ewmav0_1
g M 84 11-08-2018 LID8AL Bore Dia 34930 | 34960 150 0 1 0.00] 1.64 2.80 2.55) 2.7382 24651 |3bhrs Ewmav0_ 1
10 M a4 16-08-2018 | LIOBAL |CounterBore Dia 1| 33402 | 33.426 350 33 - 31.47) - 2.4 - 17544 - 7.5hrs Ewmav0 1
11 M B84 17-08-2018 LIOBA1 | Counter Bore Dia 1| 33.402 33.426 400 10 - 13.46 - 2.66 .| 2.4907 - 8hrs Ewmav0 1
12 M84 15-08-2018 LIOBAL1 | Counter Bore Dia 2| 33.476 33,500 350 30 - -8.00 - 2.30 -l 2.2423 = 75hrs Ewmav0 1
13 MES 27-08-2018 LIOSB2 Bore Dia 18.160 18200 200 14 - -27.51 - 223 -l 1.9495 = 2.5hrs Ewmav0 1
14 Mel 29-08-2018 PTO2B1 Bore Dia 22.215 22,242 200 41 - -47.42 - 1.68 - 11930 - Jhrs Ewmav0 1
15 M2 04-08-2018 PTO2B1 Bore Dia 22.215 22242 180 3 4.80 2.46 - 1.4318 = 2.5hrs Ewmavl 0
16 M84 08 08-2018 LIoBA1L Boss Dia 43.925 43.945 110 8 4 -7.98] -4.12 1.71 /—“"/
17 M 84 07-08-2018 Liogal Boss Dia 43.925 43,945 300 27 22 -26.77/
18 M 34 10-03-2018 | LIOBAL Boss Dia 43928 | 43945 100 LI
|_LiogAL | Boss Dia 43925 | 43045 | e

Microsoft Excel
Worksheet
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Normality of the Resulting Diameter Values

Histogram for "Diameter, micron Histogram for "Diameter, micron
(Right)" (Left) Diameter, Diameter,
micron micron
80 A 90 (Right) (Left)
Alpha (for confidence interval) 5.% 5.%|
70 80
70 - Count 320 320
60 Wean 12.48125 12.68438
4 5p .60 - Variance 542284 3.65869
'g 3 Standard Deviation 2.3287 1.91277
s 40 - 2 50 - Mean Standard Error 0.13018 0.10693
S °. i Coefficient of Variation 0.18658 0.1508
Z 30 - S 40
30 - Minimum 4. 6.
20 - Maximum 18. 18.
10 - 20 Range 14. 12.
0 10 A Median 13, 13,
4To 5To 6To 7To 8To 9To 10To11To 12 To 13 To 14 To 15 To 16 To 0 - 'A:edian frr;rcy - 0.00912 0.00749
5 6 7 8 9 10 11 12 13 14 15 16 17 17 6To7 7To88To9 9To 10To 11To 12To 13To 14To 15To 16To e e ] 1% 1
ercentile 75% (Q3) 14. 14.
and 10 11 12 13 14 15 16 17 17 and TGH 3 EX
over over MAD (Median Absoiute Deviation) 15 2.
Coefficient of Dispersion (COD) 0.13654 0.11178
Normality Tests Skewness -0.16489 0.09699
Skewness Standard Error 0.13587 0.13587
. . . . . . i Kurtosis 3.66094 3.51042
Variable #1 (Diameter, micron (Right)) Variable #1 (Diameter, micron (Left)) Kurtosis Standard Error 0.26921 0.26921
T P N o T -~ - . o Skewness (Fisher's) -0.16566 0.09744
Test Statistics p-level Conclusion: (5%) Test Statistics p-level Conclusion: (5%) ——— YT ST
Kolmogorov-Smirnov/Lilliefor Test 0. 1. | No evidence against normality 0. 1. [ No evidence against normality
D’Agostino Skewness 1.22324 0.22124 | Accept Normality 0.72246 0.47001 | Accept Normality
D'Agostino Omnibus 5.96484 0.05067 | Accept Normality 3.60351 0.16501 | Accept Normality
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Advantages of the EWMA Method

Gives conftrolled results; provides high process capabllity.
Resulting data is nearly normally distributed.

The calculated offset is:
« Noft drastic, so does not famper with the process.
 Need-based, so is appropriate and at the right time.

The Calculator is in action immediately after three parts are
made.

Continuously learns the process behavior and acts.
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The SMART (SONA Machine Adjustment
Reckoning Tool) Device - An Image

0, |No|Gy

Autoloader and
auto-inspection

. st N
e LSL
Target Diameter
Target C,
AL
Offset
Value |
i Setting
. Values
" e v e—
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Next Steps

 The SMART Device 1o be monitored and
developed horizontally on other CNC Machines.
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THANK YOU
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