CHAPTER 8

DESIGN OF EXPERIMENT
8.1 Experiment and Data Collection

For chapter 7, there is studying the effect that produces a part cleanliness of reused part.
We woldd like some way to Tmprove the cleanliness of a reused part that Is produced
from the effect. From past experience, If varying the temperature, the pressure, the CO2
amount, and the distance of nozzle seems to chan?e the part cleanliness result, Each one
of affects the reaction Is taken to consider for determining an appropriate condition. To
mfatlﬁe rde,al |errtovements, We decicle to run an experiment o determine the actual effected
ofthe diree factors.

What we will learn how to;
* design a factorial experiment to tell which factors are important to the reaction
o fita full model to the data

o Use several simPIe graphical methods to help determing which effects are
active (Important) or'nactive

+ fitareduced model to the data, and then assess the adequacy of the model.
8.2 Create the Experimental Design :

Since we have four factors that are of interest, we choose a full factorial design with
16 runs. A two level design with four factors 24 (or sixteen) possible factor combinations,
By choosm%a design with all possible combinations, calléd full factorial design, we will
?et results that shoiw effects free from confounding, that Is, all effect are distiguishable
rom other effects. We may also be able to obtain m_eanlngful results by dom? fewer rung
?r (t:omkilgatl_ons. Designs that use less than all possible combinations are calfed factional
actorial designs.

8.3 Collected Data

We decide that the full factorial desur;n with 4 factors and 16 runs is more appropriate
than the factorial desnI;n. At CO2 cleangl, runs with the factors of interest -temperature,
pressure, CO2 amount and distance of nozzle—are not_expensive or time-consuming.
Also, the experiment can be performed at a non-peak period without difficult to perform,
we may have made a different decision,
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Name factors and set factor levels
. In"atwo-level factorial design, there will set factors at two levels- a low level and
a high level each run of the experiment consists of a combination of the factors at then-
]|c0\|lil or high settings.  After some deliberation, the factors were chosen for setting as
ollows,

Factor. Low Setting Hign Setting
%ompleted Dry Air Heater 80°c 120°c
em
Pressure 650 PSI 950 PSI
CO2amount 0.1 1
Distance of C02 nozzle 0.5 Inch 2 Inch

Table 10 illustrated the setting of factor
8.4 Data Analysis of Experiment

Screen the de3|%[1. A7

When | screen a tlesign, the object is to select factors that have large effects. We
have created a factorial design and collected the response data, we can fit'a model to the
results and generate some 8raphs to evalyate the effects. We will use the output from
flttlngama ematical model, and we will also use two %raphlcal methods to help see

which facters are improtant for improveing the yield in the reaction.

Fit a model . I iy

Since we have created a facroy design, we will notice that MiniTAB has enabled
the DOE manu commands. |fwe plot'the rsponses tather than the fitted values (least-
S uaresmeansg, We can generate main effec SP|OIS, Interaction Plots, and cune plaots,
el hderlt%_efotre r after weactually fit a model. In shis samples of first group, we will fit the
model first.



|dentify important effect

We decide which effects are important to C02cleaner for reworked parts.irst, we
look at all factors.

Fractional Factorial Fit

Estimated Effects and Coefficients for LPC (coded units)

Term Effect Coef StDev Coef T 8
Constant 3119.8 105.7 2952 0.00
Temp -132.9 -66.4 105.7  -0.63 8868
Pressure -1353.5 -676.7 105.7 o (.

02 amou -904.2 -452.1 105.7 .= 0.002
Distance 0368 4881 057 T o
Pressure*C02 amou 1143.3 571.6 105.7 541 (.
Pressure*Distance 616.2 308.1 105.7 2.92 0.017
Analysis of Variance for LPC (coded units)

DR ot % s s AR g é)
| . .
2-Way Interactions A 6747316 6747316 3373658 18.87 8 89
Rem%rual E o G 160856 1608556 “i7Bra0

Tota 15 22534674

Fitting the foil model, which inclydes the four main effectsLthree one-way interactions
and two two-way interactions. Referring the Values in p column of the Estimated Effect
and Caefficients table to determine which of the effects are s%]nlflcant. Using a = 0,05

the main effects for Pressure, C02amount and Distance of C0Znozzle; Pressure and C02
amount and Pressure and Distance of C02 nozzle interaction are significant; that is p-
value are less than 0.05.
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Effects plots . .
We will use the normal probaility plot and die gareto chart of the effects to see

{
which effects inflience the responsg, gﬁ)ray LPC data.

Active effects are effects that are significant or important. In the normal plot of the
effects, points that do not it the line well usually signal actjves. Achieve effects are
larger and further from the fitted line inactive effec. Inactive effects tend to be smaller
and centered around zero, the mean of all the effects.

Normal Probability Plot of the standardized Effects

(response is LPC, Alpha = .10)
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Klioqure 32 illustrated Normal Probabilitly Plot of the Standardized Effect

€. 0 is the approximated mean, while Land-1 are onestandard deviation on either
side.



The normal probabllltY lot labels eﬁects tha are lower than the a level that |
chose in the Analyze Factorid e5|8 -Graphs subialog box. Here, the effects of
Pressure, CO2aniount, Distance of C02nozzle and the Pressure * C02amount and
Pressure * Distance of C02nozzle interaction are significant using a = 0.10.
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Figure 33 illustrated Normal Probability Plot
Coefficient of Determination

R2 = 1_~ Ermor
s s Total
1679279 _
R2 osaers - Tk

Thits shows an appropriate experiment of data collection, it should be more than 80 per
cent
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APareto chart of the effects is another useful tool that we can use to help
determine which effects are active.

Pareto Chart of the standardized Effects

(response is LPC, Alpha = .10)
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Figure 34 illustrated Pareto Chart of the Standardized Effect
Note: Any effects that extend beyond this line are significant. You can change the alpha
valuefrom the default level 0£0.10.

The graph above displays the absolute value of the effects on the Pareto chart

The Pareto_chart uses the same a as the normal plot to determine the sn];nlflcance
of effects. So, again we see that Pressure, C02amount, Distance of C02nozzle and the
Pressure and CU2 amount and Pressure and Distance of C02 nozzle interaction are
significant (a = 0.10).

Later, we will fit a_ model without the terms Temperature, Temperature and
Pressure, Temperature and C02 amount and Temperature and Distance of C02 ngzzle,
ngch geemdt? be Inactive. We will check to see how good the model is after we fit the
reduced model.



Fit a Reduced Model

. We want to fit a new model using only. the terms you identified as important by
logking at the results of flttlng the full model—in other words, screen out the unimportarit
effects. After we fit the modlel, you will general several plots to visualize the effects,
evaluate the fit ofthe reduced model, and do a residual analysis.

Therefore, we fit a model that includes Pressure, CO2 amount, Distance of CO2
Pr?té%ali%u%?]d the ~ Pressure * CO2 amount and Pressure * Distance of CO2 nozzle

Evaluate the Reduced Model

This.can provide an information as to how good the model is. We examine the p
column, which contained p-values for each of the terms In the model. A qood standard
by which to evaluate the model is to look at p-values. I all terms have p-values less than
the a level appropriate for your exgerlment, you can be confident that'you have a good
model. Here, we choose to Use a = 0.05.

Fractional Factorial Fit

Estimated Effects and Coefficients for Spray (coded units)

Term Effect Coef StDev Coef T
Constant 3119.8 102.4 3045 o0.000
Pressure -1353.5 -676.7 102.4 - -6.61 o0.000
IR e
Istance -936. -468. . -4, 0.001
Pressure*C02 amou 1143. 571. 102.4 558 0.000
Pressure*Distance 616.2 308 5[ 102.4 3.01 0.013
Analysis of Variance for Spray (coded units)
Source DF Seq SS Adj SS Ad] MS F
Main Effects ) 14100078 1410007 470993 28.00 8§88
2-Way Interactions 6747316 6747%18 3373658 20.09 0.
Remgual Error 1 1679279 167927 167928
Lack of Fit 239467 239462 119731  0.67 0.540
Pure Error 1439817 1439817 179977
Total 15 22534674

The p-value for each term in the model is less than 0.05, indicating a model that is
a.good candidate for further exploration and validation. This model is considerably
sipler and fits the data almost as well as die model with all terms. The residual error
only increased by a small amount,
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We can further check the model by using the residual plots. The fitted values are
the results predicated by your mode|. The residuals are the actual spray SEM data minus
the predicted spray SEMdata. The following graphs should display:

Residual MocH Degnostics
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Fi%ure 35 illustrated Residual Model Diagnostics
NOte: 35 A This is a reasonably good norinalplot.

35 B Thisplotshowsagoodspreadofpoints on eitherside ofzero, with no
patternsofincrease or decrease.

3 C Although this histogram does not appear to represent a normal distribution,
there is not enough information to make a judgment. It is very difficult to interpret a
histogram with only 16 plottedpoints.

35D Thisplot shows a reasonable pattern ofdispersion. Butagain, it is difficult to
interpretaplotwith only 16 points.

The residuals plot were satisfactory, and showed no cause for concern.
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8.5 Draw Conclusion

The factorial plots , L ,

We_generate graPhs that will allow us to vi alize tire effect—a main effects plot
and an interactions plot. When the plots are based on the means of the response data, you
tcﬁen r%%rgieerla#r Stthem either before or after we actually fit a model to the data. We need 1 fit

Evaluate the plots

First, take a look at a plot that shows the basic effect of changing pressure, or, CO2
amount, or Dystance of CO2nozzle. These one-factor effects are called main effects. The
numerical values for all effects are shown as figure 3.

™ n%mmé‘"’trmg‘e Main Effects Plot (data means) for LPC

Where pressure Is at
the low setting
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Figure 36 illustrated Residual Model Diagnostics
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Three main effect plots display in graph below - one for pressure, one CO. amount and
one for Distance of CO2 nozzle. The main effect of:

* Pressure is difference hetween the low point and the high point on the %qaph
o C02amount is difference hetween the owpomtandthehl?h point on the graph
J t[r)]lesbarr;%eh 0f C02nozzle is difference hetween the low point'and the high point on

. We can see that the pressure has a bigger main effect than the amount of CO2and
Distance of CO2nozzle “on the plot ahove: the line connectln? the mean responses for
Pressure, CO2amount and Distance of CO2nozzle has steeper slope than line connectin
he mean response at the low and high settings of pressure, CO2amount and Distance 0
CO2nozzle. Al types appear to afféct the LPC, but setting high pressure.is most factor
consideration, However, it is very impartant to fook at the interaction. An interaction can
slightly magnify or cancel out a main effect.

_ Tocalculate main effects, Minintab SUbtracts the mean response at the low or
first level of the factor from the mean response at the high or second level of the factor.
The table below summarizes the findings:

Factor Size of effect Interpretation

Pressure -13535 run at 950 PSI of pressure

-1 01 11 had lower LPC than runs at
650 PSI of pressure

COzamount -004.2 run at 1 0f C02 amount had
lower LPC than runs at 0.1

, of COz2amount

Distance of CO2nozzle -936.8 run at 2 Inch of Distance of

SCEEEKEmMrnEEam C02nozzle had lower LPC
than runs at 05 Inch of
Distance of C02nozzle

Table 11 illustrated main effects at low and high setting



.. Next step we |ook at the significant interaction. Although, we have aIreadg
verified a significant Interaction as’'mentioned above, we can ook at the interaction plot
to see how big this effect is.

Interaction Plot (data means) for LPC
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Figure 37 illustrated Interaction plot

An interaction plot shows the impact that changing the settings. of one_ factor has
on another factor, Because an interaction can magnify or. diminish main effects,
evaluating_ interactions 1S extremely important. The significant inferaction among
%r]gfssure, I 02 amount and Distance 0f C02 nozzle shows Up as two lines with sharply
Iffering slopes.

. The LPC for low setting C02amount are smaller than hl(TJh setting C02amount at
hlgh pressure 950 PSI. And The LPC for hltgh,s%ttlng Distance of C02nozzle are smaller
than 'low setting Distance of C02nozzle athigh préssure, 950 PSI. However, we can see
that the difference in LPC between runs C02amount USInE low settln% and runs using
hl(lyh setting at 950 PSI is smaller than the difference in LPC hetween runs using low
setting and runs using high setting at 650 PSI.
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In order to Pet the lowest LPC for this experiment, based on results we should set
3 factors are as folfows.

[1] pressure to 950 PS
[2] set CO2amount to 0.1
And [3] set Distance of CO2nozzle to 2 Inch,

8.6 Appropriate Condition

From the result of experiment for finding appropriate condition. The parameter of
temperature isn’t significantly different. Therefore, we determine an- appropriate
conditions of CO2are as follows,

Factor 1Settin
Completed Dry Air Heater Temp Not Slélnl cant
Pressure 950°PSI
CO2amount 0.
Distance of C02 nozzle 2 Inch

Tabtle 12 illustrated setting an appropriate condition for C02 cleaning for reused
par
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8.7 Confirmation Experiment
8.7.1 Experiment and Data Collection

 The Bur ose of this exReriment IS t0 confirm an atppropriate condition based on
Pgﬁ\(/)lvc\)/gs experiment result. There are three factors to be set for this confirmation as
[1] Set pressure to 950 PS|
[2] Set C02amountto 0.1
[3] set Distance of C02nozzle to 2 Inch.

. The results of this experiment will be used to compare with the results of the
experiment for finding an appropriate condition.

. Table for data collection after setting pressure to 950 PSI, CO2amount to 0.1 and
set Distance of C02nozzle 2 Inch.

Observations
Sanr?PIe 1 2 3 4 5 6
Number
LPC
Count/Part% : 113 :
able 13 the table for data collection of confirmation experiment.

. The six samples observations will he completed in to table 13, The data from this
congl_rtna%tlon experiment s used to be evidence data to determine an appropriate
condition.
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8.7.2 Collected Data
The data collection of this confirmation experiment are illustrated in table 14,

, Observations AVG
Sample Number I Z 3 4 D 0
LPC 1461 2093 1493 1259 1864 1973 1691
Count/Part

able 14 t%e Data of confirmafion experiment

Note : AVG stands for a\,/erage and STD stand for standard deviation. ,
Lng asr%ands for Liquid Particle Counter and the units of measurement is count
,RAII Qam'ples were measured by Liquid Particle Counter Analyzer.

8.7.3 Data Analysis of Experiment
Based on data, they show that the setting pressure to 950 PSI, C02amount to 0.1
and set Distance of C02riozzle 2 Inch, can keeg the LPC data of reused part in term of

repeatability and reproducibility. The previous data of first run at the same parameter, file
actual data are showed in table"15.

Observations at First Run - AVG
Sample Number 1 2 3\
LPC 1787 1779 2043 1869
Count/Part) _ _ _
able 15 the Data of first ohservations at the same parameter setting

LPC of Reused Base Experiment Confirmation Lot

HE

Count/part ( >2um particle)
-

Samplef#1 Sample#2 Sample#3 Sample#A' Sample#6 Sample#s
Sample No. !

FIQure 38 Iiustrated contirmation EXperiment LOT RESUIT
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8. 8 Result Conclusion

, 8.8.1 The problem_cause. of reused, part is 0oartlcle contamination which
impacts to product quality. The efficient cleaning with CO2 cleaner to reused part is the
most important method for quality improvement. “The purpgse of this thesis is to establish
parameter setting standardizaion into cleaning process. The main effect and reaction
effect are to be considered to determine an appropriated condition for CO2cleaner.

882 ~ There are four factors as below were selected to rE)erform des_ign of
experiment, screening experiment, preliminary experiment and experiment confirmation
In order to determine*an appropriated condition.

o Completed Dry Air Heater Temp.(C°) 80 (min) -120 (max
o Pressure (PSI) setting 650 (min) - 950 (max
o CO2amount Setting 0.1 (min)- 1 (max
» Distance of C02nozzle (Inch) 0.5 (minj- 2 (max

8.8.3 The de3|gn of exloenment 2k factorial :The Four factors $l_<:4) with two
levels (24, minimum &nd maximum level is used for finding an appropriate condiition.
The purpose s to screen out the factors that do not affectto reused part cleanliness.
Based on experiment result, the Completed Dr){_ Air Heater Temp.(C°) was screened out
because it doesn’t affect for to reused part cleanfiness.

~ 8.8.4. The data collection are tested by using Minitab to analyzed factorial
design as step by step bellows,

Note the result of each step is illustrated in chapter 8

[1] Use 2ksingle replication sample to verify at x -R chart
[2] Make effect plot to find out significantly factor effect to LPC data.

[3] Reduce model to screen our the factor that doesn’t significant in orcer to move
them to efror term.

4] Check Model aclequacy checking to ensure our collect data are normal
observations at I-chart and .

[5] Check R2 (coefficient of determination) , from calculation, R2=" 92.7%

rL? Check P-value at Fractign Factorial Fit . From P-value, it can be concluged
that Temperature is not significant factor. So we fit a model that includes Pressure, CO2
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amount, Distance of CO2nozzle and the Pressure * CO2amount and Pressure * Distance
0f C02nozzle interaction.

8.9 Analyze Factorial Design from data observation

From_data observation, the significant of main effect and interaction effect cab be
8b()3565V§g'fc)TIPoe Sare analyze the Significant effect at significant level = 95 % ( alpha =

1. Pressure 1s main effect on minus side.
2. CO2amount is main effect on minus side.
3. Nozzle distance is main effect on minus side.

4. Interaction hetween " Pressure & Nozzle distance " are an interaction effect on
plus value side.

D. Interaction between " Pressure & C02 amount * (BC) are an interaction effect
on plus value side,

8.10 Setting factor Optimization.

Three factors involve determining optimal conditions (factor settings) that will
Produce the “est” vaue for the response.”We need to determine the operatlng conditions
that result In a reused part more cleanlingss. Since each mentioned factors are important
I determining the cleanlingss of reused part, we need to consider those factors
(responses) simultangously.

. For this, we use Minitah’s Respanse optimizer to help identify the combination
of input variable settings that jointly optimize a set of responses. The overall desirability
I5 & measure of how well we have satisfied the combined goals for all the _resgonses. This
optimjzation g ot allows us t_%llnteractlveI¥ chan%e O[he In \Jt variable settln(TJ to ePerform
sensitivity analyses and possibly improve the reused part cleanfiness. From figure 39, the
best parameter are consist of

1] Set pressure to 950 PSI »
2] Set CO2amount to 0.1
d [3] set Distance of CO2nozzle to 2 Inch
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Response Optimization

J1Lali&] e 1] 4] ]|

New _ | Pressure CO2 amou Distance
D &l p1.0000 L1 0] (0]
ur : -1. :
0.00000 |, 10 10 ‘10
LPC

Minimum
y =2163.2079
d = 0.00000

Figure 39 illustrated optimization for C02setting.

After setting the parameter above, six samples were performed for e>§)er|ment
confirmation. The averaqe results showed low LPC value as expectation, Based. on
experiment, those paramelters are aﬁg)lled for reused é)art C02cleaning in Productlon line.
The result_after implementation, the yield of product IS getting better and the main
problem failed product is not related to particle contaminationi.

8.11 What we have learned from factorial design, experiment and analysis

ThBy can he summarized as follows, , o
1. Decided on a design for the experiment, then determine Factorial Design.

2. Ran the experiment and data collection.

3. Fitted the full model to Jook at some numerical values and generated two
effects plots to see which terms seemed to be active.

4. Screened out unimportant effects, then fit a reduced model.

5. Generated main effects and interactions plots with the Factorial Plots to
visualize the effects.6

6. Evaluated the reduced model with the p-values in Factorial Design analysis
and the various residuals plot. ,
* From looking at the effects plots, we determined that pressure, C02 amount
Distance of CO2nozzle, the Interaction between Pressure and 02 amount and
Interaction between Pressure and Distance of CO2nozzle interaction were active.
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Evaluating interactions s extremely important, because an interaction can
magnify or cancel out main effects.

o It can eliminate (screen out) the other terms without significantly affecting
predictions.

* There will have a model to predict the LPC of reused part, then we can apply this
model to help obtain lower LPC in future experiments,

In order to get the lower LPC for C02 cleaner with appropriate condition, from
results suggest that the best parameter should:

o Setpressure at high pressure 950 PSI
o Use C02amount 0.1
» Evaluate distance of C02nozzle with future experiments
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