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Oppo rtunity Mute your ling

To prevent audio disruptions, all attendees will be muted.

Questions can be posted in the Question area. If they are not
addressed during the webinar, | will reply via email afterwards.

Questions may also be sent to stathelp@statease.com. Please
provide your company name and, if you are using Design-Expert,
the serial number (found under Help, About).

Note: The slides and a recording of this webinar will be posted on
the Webinars page of the Stat-Ease website within a few days.
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Robust Design f S \

Functional Design: Strategy of Experimentation

= Use DOE to model response Phase: Screening
mean as a function of

controllable factor levels. ~ --------momomo P

Phase:
= Choose levels of controllable Characterization

factors to achieve targeted
values of the responses.

Response
Surface
Methods

Phase: Verification
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Robust Design: Strategy of Experimentation

= Use DOE to model response Phase: Screening
variability as a function of
control and uncontrolled factor  ------------------- - —F -

levels. Phase:
Characterization

= Choose levels of control factors
to reduce variation caused by:

Response
Surface
Methods

e Lack of control of the control

factors. Phase: Verification
e Variation of the uncontrolled =
factors.
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Robust Design Concepts SE

L1

Concept: Choose levels of the control! factors in a way that reduces
output variation. In other words, make the product, process or system
robust to variation in the inputs; both control and uncontrolled? factors.
Quality is then improved without removing the cause of variation.

1. Control factors (x) are parameters whose nominal values can be
cost-effectively adjusted by the engineer.
Example: oven temperature.

2. Uncontrolled factors (z) are parameters that are difficult,
expensive, or impossible to control.
Example: ambient temperature.

Robust Design 7

Control vs Uncontrolled Factors SE

L1

Determining whether a factor is an uncontrolled or a controlled one
often depends on the team’s objective or the scope of the project. A
factor considered controlled in some cases might be considered
uncontrolled in others.

For example, material durometer (hardness):

= js controllable to a design engineer, who gets to chose the
material.

= but may be uncontrolled to a process engineer who only sees
the variation within the chosen material.

Robust Design 8
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Propagation of Error (POE) ShE

Transmitted Variation

Objective: Reduce the variation transmitted to the response
from variation in control factors.

W s "
T
-'"f-'
P
¥ I_/z
. -
Y g
L1 .._.._.i"
i
Ll . Al
|- —
WX WX
Robust Design 10

Copyright © 2020 Stat-Ease, Inc. Do not copy or redistribute in any form.



Propagation of Error (\
How it works SE

Once a relationship has been established between a factor and a
response, the variation in the output can be:

1. Dependent on the level of the control factor

2. Independent of the level of the control factor

See pictures on next two pages 2>
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Propagation of error (\
Dependent Sk
The transmitted variation is oot ot
ect of Inpu
dependent on the level of 0

on Response \
the control factor.

Therefore, set the level of the ==
control factor to reduce
variation transmitted to the
response from variation
(lack-of-control) of the >
control factor. '

Response

Y “// \
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Control Factor
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Propagation of error
Independent

L1

&

The transmitted variation is

independent of the level of
the control factor.

v

Therefore, set the level of the

(0]
control factor to center the 8 Effect of Input
process mean on target. Q | onResponse
3
2
oy

f\

Control Factor
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Power Circuit Design Example

&

)

Consider two control factors:
1. Transistor Gain — nonlinear relationship to output voltage
2. Resistance — linear relationship to output voltage

The variation in gain and resistance about their nominal values is known.
Both variances are constant over the range of nominal values being

considered.

Expacied
LOSs

Tanget
> 115 walls
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Power Circuit Design Example @

(reduce variation)
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Gain

Variation is reduced by using a nominal gain of 350.

That shifts the output off-target to 125 volts.
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Power Circuit Design Example @

(return to target)

Decrease the nominal resistance from 500 to 250.

This corrects the output to the targeted 115 volts.

Robust Design 16
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Power Circuit Design Example (E\
o

on target with reduced variation

115 wilks

To illustrate the theory, the control
factors were used in two steps:
first to decrease variation and
second to move back on target.

In practice, numerical optimization
can be used to simultaneously Pz
obtain all the goals.

[l shonc Linescl
1o reshmry 1o Bow oo
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Propagation of error (E\
o

Just a little mathematical explanation

Find regions where variation in the control factors transmits the least variation
to the response.

250 ¢ it

il S
v 2
Y =B +BiX; +ByiXj

Y =15 +25x, - 0.7x?

- - - -

X L4

The goal is to minimize the slope, which is the 1t
derivative of the prediction equation.

Robust Design 18
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Propagation of error (E\
o

Just a brief mathematical explanation

A ) Assume 0, =1 and 0,y =0
Y = fo+ BXq + BraX

Y =15+ 25x, —0.7x? =%
ot =[] ot o )

o, =\(25-1.4x,) o7 + 02 IETERyE

resid

As the slope of the relationship between X and Y
decreases, the variation transmitted to Y decreases.
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Propagation of error (\

Goal: Minimize propagated error (POE) 2

What is POE?

2 2
of of
R LR

The amount of variation transmitted to the response

(using the transfer function):

= from the lack of control of the control factors and variability from
uncontrolled factors
(you enter these standard deviations),

= plus the normal process variation
(obtained from the ANOVA).

It is expressed as a standard deviation.

Robust Design 20
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Propagation of error (E\
o

Simple One-Factor lllustration (page 1 of 4)

. Factor 1 Response 1
2] Std Run AA R1
One Factor RSM design. °
low level = 0 2 7 0.00 14
n . = |
Facto'r A: low leve B : 5 0.00 1
and high level = 15 3 1 250 73
= Design for a cubic | 4 6 5.00 123
model. N 9 3 7.50 162
| 10 9 7.50 164
= Sort by Factor A | 5 2 10.00 195
| 6 5 12 50 218
N 7 4 15.00 233
N 8 10 15.00 231

(continued on next page)
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Propagation of error (\

Simple One-Factor lllustration (page 2 of 4) J

5. Compute effects and select appropriate model.
Fitted equation (in terms of actual factor values) is:
¥=14.98+25.05A—-0.71A2
6. Enter the standard deviation for each factor:

From the Design Layout Screen - View, Column Info Sheet — enter
1.00 for Factor A.

The response standard deviation is filled in automatically
from the ANOVA after the analysis is completed.

Robust Design 22
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Propagation of error h
Simple One-Factor lllustration (page 3 of 4) SE

Analyze the response (R1) and look at the one factor plot
and the propagation of error plot (from the View menu.)

Ca ¥k O Facior

¥ =14.98 +25x, - 0.7x°

A&

oy = \/(25—1.4X1)2 crf +0?

resid
assume o, =1 and o, =0.95

Robust Design
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Propagation of error h
Simple One-Factor lllustration (page 4 of 4) SE
Point Prediction node:

m—
et Factors
fp— Factor M Lesl| Low vl Fhge Leved 551 Dwe. | Gl
o e | s A A 8 e 1500 10000 Acksl
Listaps —
'_'-,q:l_llﬂ Palnt Prediction
Ogmensainas Tenmded Confdews s 5% Popolion = §59%
el A e Mwan | Do, B | SE Maan 3 O P s Pk P
Pt Amulysin At 1BA1FE 1T SITMT 0AA8MS A2 1 AT 5T 108453
e R [POER 182478 H2ATE AN FRATIA 1A% ATE 17 A 15T 2L} 1
I Frathenanies
T Pl oy copgd st e i e 7y = \/(25 —1.4x, )2 ol +

2
O-resid

L

= \(25-1.4(75)) (1 + (0.95)

=14.54
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Propagation of error h
Linear relationship (page 1 of 3) SE
If the response is a linear function of the independent factors, the
transmitted variation is a constant.
400 —
i 2
AY | 320 /;’
37:130 +B1X1 0 /
//
§ =15+25x, 160 2
o
4 B8O 3
AY | 7
v, SV [ | A
- L bl L
AX A
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Propagation of error ShE

Linear relationship (page 2 of 3)

assume o, =1 and o,y =3.17

yn = ﬁo +ﬂ1X1 —s

y =15+ 25,

2 y R o B L5
0'2 = —aY 0'2 +O'2 | - :
L= ) sl P |
y 6X X resid 5

o, =4/(25)° 02 + o2, = Constant

resid

Since the slope of the relationship between X and Y is constant,
the variation transmitted to the response also remains constant.

Robust Design 26
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Propagation of error
Linear relationship (page 3 of 3)

Point Prediction node:

[ g
| S
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brloimatian
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L s C i | [ e———
\ i
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fecoacied  Confowe » W% Rogudafon = 55%
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™ CoaPumet: Tabie

= (257 (1 +(3.17324) |

=25.206
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» Robust Design Concepts

» Propagation of Error (POE)

» RSM Analysis with TA

» Lathe Machined Parts
= Tolerance analysis

= Partitioning variation to inputs
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Robust RSM Simulation
Precise Machined Parts

Acme precision machine company has been having trouble holding nominal
values on their new highly-automated lathe. Your job is to study the
process and reduce deviations from nominal. Previous work has
determined that three factors are the key influencers on the process:

Factor Units Range

Cutting Speed | fpm 330-700 3 c
Feed Rate ipr 0.01-0.022 X
Depth of cut inches 0.05-0.10 '

Robust Design

The factor levels given are the extreme values, do not exceed them.

29

Robust RSM Simulation
Precise Machined Parts

Which design is an appropriate
choice for the Lathe DOE?

What model should we design
for?

Screening

Known
Factors

Unknown
Factors

Optimization

!

Screening —

Trivial

many

it [V A

Factor effects
and interactions

Response
Surface
methods

Verification

Robust Design

1
Celebrate! ves
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Robust RSM Simulation I
Precise Machined Parts ?:_‘.-IZ

The experimenters chose to run a Box-Behnken design.

= The significant factors are already known, and optimization is the
focus.

= The region of interest and the region of operability are very similar
(can’t exceed the stated factor levels.)

= They would like to fit a quadratic model.

The key response is delta, i.e., the deviation of the finished part’s
dimension from its nominal value. Delta is measured in mils,
1 mil =0.001 inches. \

RS
I

%

Robust Design 31

Robust RSM Simulation I
Precise Machined Parts ?:_‘.-IZ

1. Open the three factor Box-Behnken response surface design:
“Lathe.dxpx”.

2. Fit an appropriate model (reduce as needed) to the response: delta.

3. Examine the response surface to find factor levels where delta is
zero.

X
2

Robust Design 32
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Robust RSM Simulation @

Precise Parts

dhelta (mmils)

Note the variety of
speed and feed
combinations that can
produce a delta of 0.

You could also explore
the other graph
combinations

of speed vs. depth and
feed vs. depth.

I
in 2 L1 - o

& Speed (g
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» Robust Design Concepts

» Propagation of Error (POE)

» RSM Analysis with TA

» Lathe Machined Parts -
= Tolerance analysis

= Partitioning variation to inputs
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Robust RSM Simulation ShE

Precise Parts — Add POE

1. Enter information on the expected variation of the controllable
factors about their set points. From the Design node, go to “Column
Info Sheet” and enter:

Variable Standard Deviation
A — Speed 5 fpm

B — Feed 0.00175 ipr

C — Depth 0.0125 inches

2. Use the POE model graphs to explore the transmitted error as a
function of the independent factors.

Robust Design 35

Robust RSM Simulation
Precise Parts — Add POE

BO§ e

B L B & g R

These are two of the three views of the propagated error
- - where is POE minimized?

Robust Design 36
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Robust RSM Simulation ShE

Precise Parts — Optimization

1. Use numerical optimization to find factor levels near zero delta that
are also robust:

Goal
LsL usL Cpk Low Cpk High
Limits:  -0.4 0.4 0 15
Weights: 1 1

2. Choose settings to operate the lathe:

Speed 517Fpm Since the resulting C,,
Feed 0.022 ipr of 1.11 is so low, we will
. look into partitioning the
Depth 0.065 Inches | pog 1o see which of the
Delta 8.1E-08 mils sources of variation are
POE(Delta) 0.12 mils largest.
Robust Design 37

» Robust Design Concepts

» Propagation of Error (POE)

» RSM Analysis with TA

» Lathe Machined Parts
= Tolerance analysis

= Partitioning variation to inputs
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Empirical Tolerancing

Predicted response:

Robust Design

0 if not significant

K L, $[ & 2 3 0 i
0 0

2 2 4 2 2 2

o .= — | &, +— — | O + G.6. +0. .
dual

Y - (axi] ii 2 - 8X2 ii = aXiaXJ i ~jj residua

Residual MS:

2 2 2 2
Gresidual - Gpart + Gmeasure + Glack—of—fit

39

Empirical Tolerancing

: . 2 _ 2 2 2
ReSIduaI MS: cyresidual — Ypart + cymeasure + cylack-of-ﬁt
(sigma LOF)"2 = 191 (sigma LOF)"2 =0

220

1875 — 180 —|

R1

150

1225

Fit an appropriate model!

Robust Design
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Precise Machined Parts
Tolerance Analysis

tESE

Sum of Mean F

Source Squares df Square Value

Model 1.36 7 0.19 42.65

A-Speed 0.037 1 0.037 8.17

B-Feed 0.15 1 0.15 32.42

C-Depth 0.35 1 0.35 77.80

AB 0.27 1 0.27 59.70

AC 0.24 1 0.24 53.21

AN2 0.025 1 0.025 5.52

cr2 0.27 1 0.27 59.53
Residual 0.041 9 4.558E-003

Lack of Fit 0.019 5 3.740E-003 0.67
Pure Error 0.022 4 5.582E-003

Cor Total 1.40 16

Robust Design

p-value
Prob > F
< 0.0001
0.0189
0.0003
<0.0001
<0.0001
<0.0001
0.0434
<0.0001

0.6689
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Precise Machined Parts
Partitioning Variation to Inputs (page 1 of 2)

tESE

one standard deviation at a time to zero:

At the optimal point, calculate the reduction in error variance by setting

A B C D E

1 s(POE) sA2(POE) Reduction %
2 {s=0.67516, A=5, B=0.00175, C=0.0125) 0.11985 0.01436

3 (s=0, A=5, B=0.00175, C=0.0125) 0.09903 0.00981 0.00456 31.7%
4 (s=0.67516, A=0, B=0.00175, C=0.0125) 0.11922 0.01421 0.00015 1.1%
5 {s=0.67516, A=5, B=0, C=0.0125) 0.11287 0.01274 0.00163 11.3%
6 {s=0.67516, A=5, B=0.00175, C=0) 0.07950 0.00632 0.00805 55.9%
7 0.01438 100.0%

See graph on next slide!

Robust Design
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Precise Machined Parts h
Partitioning Variation to Inputs (page 2 of 2) SE

Percent overall POE is reduced by
setting each factor standard deviation to zero

100%
90%
80%
70%
60% 56%
50%
40%

32%
30%

20%

10%
1%
0% T T T

C s B A
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Precise Machined Parts h
Reducing Variation in Depth (factor C) SE
Mo | Uoas | Type | Chaeges [odDme ] Low | o
_|:=p¢r~: fpm Facior Easy L] il T
= TR _|Fee o Factod Easy 00MT5 e ooz
= e Mo mems  Faw  Essy 5 oo T .
ET— detta mils Finspanse offes o Ly
Reduce std dev by %2
S— L 0.0125 — 0.00625
_____ ] \‘ Increase C, Upper to 2
\.'l'-h. ]
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Precise Machined Parts
Reducing Variation in Depth (factor C)

tESE

Cok of 1.53 is a good improvement:

Factors

Spead  SRE

Fawd a.0220

Dwpth QOS4D

P Pasivi Poedi Ty =
Point Prediction
taded  Comfadence

Sohtsom | of 20

Fachowr | Mame  Lewnl | Low Lisvel

P10 i an

OREAIE-DN 2.0

Freduied Prech
Bty

¥ Popelabcn

nt g

8628 04

High Lewel | 52 Do, | Cioaling

H Achas
220 DOi8  Achss
Achus
Drumrved | SEd D
DEEGRLS DA%

QU0

14

#eClow! B Ok %1
SE hnam 4% O o % O gy 11
for Masn | for Masn | for 9% Pop for %% Fop

T s QRIS L

3 ol TN

T

low | S% Tihigh |

B4 E4azed 1.53

Robust Design

Can sigma for factor C be reduced to 0.00625?
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Precise Machined Parts
Reducing Variation in Depth (factor C)

&

L1

Robust Design

Factor Name Level Low Level High Level Std. Dev. Coding
A Speed 536.8 330.0 700.0 5.000 Actual
B Feed 0.02200 0.01000 0.02200 0.001750 Actual
Depth 0.06619 0.05000 0.1000 0.006250 Actual
Sgonsor | Prosees T proge swoer [ seuean [t [ ogecinon [ ssenion T oot tnen T o
delta -0.01590 -0.01590 0.06752 0.03564 -0.09652 0.06472 -0.3673 0.3355 1.896
delta (POE) | -6.039E-08 -6.039E-08 0.08699 0.04592 -0.1039 0.1039 -0.4528 0.4528 1.533
Cok of 1.53 is a good improvement:
= Can sigma for factor C be reduced to 0.00625? At what cost?
= Still not six sigma, see Tolerance Intervals in relation to the
specifications of -0.40 to +0.40.
46
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&

L1
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