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Abstract: Problem statement: In a coating process, the master plate referebcgtitness or color
shade was critical to the exterior appearance amiaum alloy wheels. The quality measures of
interest are the metallic paint thickness value$ooin areas. Because of these lower quality levbés,
manufacturer has spent more on the cost of restudscrap as well as the longer production time.
Approach: An expert system revealed seven process varialffilesting those quality characteristics.
Taguchi signal to noise ratio or SN of paint thieka values on the outboard spoke area was
determined as a process response whereas SN oantianing areas of window outboard, window
between spoke and inboard spoke became merelygsr@aomstraints. A constrained response surface
optimization method and a modified complex methadesmperformed to move the current operating
condition towards the optimuniResults: The new settings improved the paint thickness eglin
terms of both the average and the standard dewiatioall critical areas except the window between
spoke. Conclusion: As expected, the implementation brings the reductf the metallic paint
consumption and the mismatch level of color shade.

Key words: Constrained optimization, Modified Complex Metho@MCM), mismatch level,
Electrostatic Powder Coating Process (EPCP), Regp&urface Methodology (RSM),
Evolutionary Operation (EVOP), chemometrics, Maatifi Simplex Method (MSM),
metallic paint thickness

INTRODUCTION tougher than the conventional painting process. The
selected machines or devices would provide a good

The selections of aluminum alloy wheels are base@ppearance, good leveling rate of spraying, good
on the performance, the feature and the appear@ihee. metallic paint effect. With the high technology,eth
first two are the perceived quality for each compan problem has still existed. In this case, the deefail$
For the appearance, the color shade and paintitityab of the EPCP should be investigated to determine the
are important since they are the first noticeahlality =~ optimal operating condition.
for the user. The case of interest has faced whith t
lower quality problem being complained by customers HRAT Stmonl HRaA o Station 2
in both the metallic paint thickness and the magskate ~
referenced brightness at the final quality gate of ) _ - .
production. The first time quality level is low @6% Tf “r \T 74_?: 3 Tr”if
and this leads to the high production cost of iehstor - . 4 "
scrap. /

To decrease such problem, a system with
electrostatic spraying guns is invested for a paint
process and it is referred to as an Electrostaiieder
Coating Process (EPCP) (Fig.1). Powder coating is 3 ) T 4
mainly applied for coating of metals, such as ahumi Spindle rototion
extrusions, medium-density fiberboard and autoneobil
or bicycle parts. It is used to create a hard fitfgat is  Fig. 1: Powder application process of the EPCP
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Most manufacturing processes including the EPCPraguchi method was used to minimize the number of
have some variables. These process variables can bgperiments required to evaluate the sensitivitgaxth
adjusted by plant operators or by automatic controtesign parameter with the specific compressivengtte
mechanisms to enhance the efficiency of the machinef WBK. The height of the braze normalized by the
Care must be taken to operate industrial processesire diameter is the least influential design paztean
within safe limits, but optimal conditions are Hgre Various Taguchi parameter designs and performance
attained and increased international competitiomamse measures were applied on many engineering problems
that deviations from the optimum can have seriousnd brought proper levels of operating conditiond a
financial consequences. Usually the functionalexpenses (Kumar and Khamba, 2008; Jaiktnal.,
relationship between process variables anditld  2009; Huang and Shiau, 2009).
is unknown. Response Surface Methodology (RSM) Nowadays there are some difficulties for using
or Evolutionary Operation (EVOP) is then used toresponse surface optimizations on noisy, complak an
improve the current operating conditions oflarge-scale problems (Srivastava and Srivastavag)20
industrial processes. Various algorithms for the exploration of a dual

Factorial experimental designs have been appliedesponse surface have been proposed. The aim is to
to determine the path of steepest ascent. The tolgec search for variable settings which optimize a prima
of evolutionary operation is to move a process tdwa response (mean) function while simultaneously
optimum as quickly as possible. Many textbooks roffe satisfying constraints of secondary response (ne€n
advices on this strategy. There is a theoretigaiment ~ functions. Jeongt al. (2010) expressed how the goals
that the minimal number of design points to estamat of a dual response optimization approach can be
the direction of steepest ascent, from noisyachieved using standard non-linear programming
observations, is just one more than the number ofechnique, the generalized reduced gradient algorit
process variables for the optimization or the disiems It has been claimed that the proposed method leads
of the search space (k) that is a simplex designsfii ~ Pe more flexible and easier to use than the origial
et al., 2011). For k equal to two, this simplex is antesponse approaches. Costa (2010) also proposed a
equilateral triangle composed of three verticeth2- ~ More satisfying and substantially simpler optirrizat
dimension space, for k equal to three it is a hetdgon ~ Procedure on a dual response approach.

(Kamounet al., 2009). Curr_er_lt_ly, product and process |mprovem_ents need

The rigid simplex algorithm was proposed for the f!eX|b|I|ty ar_1d low expenses. Alternat_lves of
finding the process optimum (Luangpaiboon, 2009)&xperimental designs and evolutionary operationsdco
The first cycle requires the response evaluatioeaich b€ efficiently selected to determine the propeelef
design point of the initial simplex. The design qioi OPerating conditions. In this study, not only thesb
with the lowest yield is reflected in the oppositee  choices of Taguchi parameter design and two seiient
and the next run is carried out at this point. Titlisa is ~ Procedures are applied to the electrostatic powder
not commonly referred to in statistical texts batsh coating process, but the performance measure dn bot
received more attention in the chemometrics liteeat the sample mean and standard deviation in terntiseof
(Donget al., 2009). They tried various rules for making Signal to noise ratio is also used as a proces®nss
the algorithm proceed more efficiently without aninstead of the conventional yield. On the prelimyna
oscillation or rotating about a design point. Theses ~ Study phase, the constrained response surface
improved the algorithm to some extent, but a morePPtimization model is performed to recheck the most
significant variation was the Modified Simplex Meth  influential  process variables from an initial
(Zhaoet al., 2009) Instead of limiting the new vertex to determination by an expert system. This researeh th
the mirror image of the least vertex, an expansion undertakes further investigations with a sequential
contraction of the reflection is allowed at eagpsfThe =~ Movement of the modified complex method to
complex method is an alternative among those téletermine the proper levels of influential process
determine the optimal setting of process variableger ~ Variables for the EPCP.

a consideration of process constraints (Gieh, 2010).

Previous studies applied not only two main classes MATERIALSAND METHODS
of factorial and simplex designs, but they introghlic
Taguchi parameter designs to industries as watidis ~ Electrostatic Powder Coating Process (EPCP): In the
et al., 2009). Choiet al. (2010) expressed wire-woven EPCP, the precisely atomized paint particles ardema
bulk Kagome (WBK) or a new truss-type cellular meta to be electrically charged by repelling each otaed
fabricated by assembling helically-formed wires.eTh spreading themselves while exiting the spray nozzle
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The wheel being painted is then charged opposiiely Table 1: Process variables of the EPCP

grounded. The paint is attracted to the wheel gian

Process variables

Notations

more even coat than the wet spray painting and alst
. . . X2
increasing the percentage of the paint that a(ytuall)%
sticks to the wheel. This process means that tha pa ,

Paint Resistance
Electrostatic Charging
Paint Viscosity

Paint Flow Rate for HRA1

covers even hard to reach areas and the paintiigede xs Ring Air Pressure for HRA 1
(sprayer) with the unique application process catise % Paint Flow Rate for HRA 2

paint to be directly applied without overspray. Bese - Ring Air Pressure for HRA 2
the paint is magnetically drawn to the surfacemgean
be painted from one side and the paint will wraguad
to the other side. The whole wheel is then baked to

Table 2: The customer’s specifications of metghént thickness on
each zone and its referenced numbers

- ! Referenced Referenced LB and UB
properly attach the paint, when the powder turte @ Zone Zone Number of thickness
type of plastic. z1 Outboard 19, 21, 23, 15-30

; ; Spoke 25,27,29
By brainstorming from the teams who study _for a, inboard 20 22, 24, 15-30
coating shop, e.g., product and process engineers, Spoke 26,28, 30
maintenance operators, quality engineers and sippli Z3 Window 1,3,4,6,7, 10-25
it has been summarized that there are seven process gzgﬁen félféliél&
variables affecting the quality measures on aluminu z4 Window 2,5,8,11, 10-25
Outboard 14,17

alloy wheels. The first three process variables are
related to the painting materials whereas the neimgi

process variables are from two electrostatic spgyi 129uchi desgn and analysis: Taguchi parameter
guns of HRAL and HRA2 at stations 1 and 2deS|gn is an engineering strategy for 'Fhe.roblm:epss
respectively (Table 1) "or product (Zandielet al., 2009). An aim is to search

All lit fint ¢ lumi I for variable settings that minimize the response
quality measures of interest on aluminum alloy 4 iation while attaining the process or productitsn
wheels consist of the metallic paint thickness our f

. target over various conditions. This also makes the
areas or zones of Z1-Z4 and the mismatch of C0|0broduct or process insensitive to the component
shade determined by the master plate referencegeterioration or changes in the environmental tiaria
brightness. From the customer’s specificationsetlae  during its usage. Taguchi parameter designs aréoset
Lower (LB) and Upper (UB) bounds of metallic paint measure process variables associated with the
thickness (micron) on each zone as shown in Table Interactions with the greatest importance from a
These provide the EPCP with four relevant respotses Standard linear graph.

be optimized. Consequence of qualities is then marked by a

However, this study assigns the metallic paintSi9nal to Noise Ratio (SN), which will be used

. . : out the stability of the design system and qualify
thickness on Z1 as the primary or the most IImm)rtanchosen design parameters (Pal and Gauri, 2010). The
response and others return to be merely secondal

- ) 9N provides a standard index for the data compariso
responses or problem constraints. The precisgile having a set of n replicates. Based on the
measurement system of the metallic paint thickvéss optimization nature, SN can be categorized inteehr
a film measuring device can be determined by th 10 classes of the smaller the better, the larger tteeb
standard Gage R&R level. During all phases of thisand the target the better. The designer then adjbst
study, % Gage R and R is at 7.99 on average. Tie fi levels of design parameters to achieve the godhef
measuring device has to be accepted throughou. experimentation via main effect and interactiorpips

The color shade or brightness is measured by
CHROMA METER CR-400/410. This process needsMéthods: This study proposes the Modified Complex
the master plate to compare and the difference oMethod (MCM) to optimize the constrained signal to

mismatch level is shown as tAE value. It is related to  O/>c '€SPonse surface for the EPCP. This variaat i
. . hybridization of the Box complex and the Nelder and
the following parameters: L (a contrast of lighthes +

Mead modified simplex methods. The objective is to
versus darkness or -), a (a contrast of red orrsuse

drive the process operating condition towards the
green or -) and b (a contrast of yellow or + verslu®  region of the variable space which is of the optima
or -). If theAE value is less than 1.0 the mismatch levelresponse with additional conditions of all satigdfie

of the color shade is accepted. constraints.
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The Modified Complex Method (MCM) begins
with a preset number of design points (larger tkiah)
within feasible ranges of the lower and upper bauoid
process variables. A design point selected musgfgat
the explicit constraints of process variable leyvélst
need not satisfy all the implicit constraints of@edary
responses. If an implicit constraint is violated ar
design point is found to be infeasible, a new desig
point is modified by previously generated desiginfso
Fig. 2: Different Simplex Moves from the Rejected To successfully improve the process, the MCM
Trial Condition (W). R = Reflection, E = parameters need to be determined before applying it
Expansion, PC = Positive Contraction and NC =sequential procedures. They include the number of
Negative Contraction replicates in each design points and terminatidterca

of ¢ ands for the response difference and the size of the

In the complex method, the initial design poirs a complex, respectively.
randomly taken around a current operating condition These stopping criteria built into the method are
is assumed that an initial design point of proces§onservative that is the MCM shall stop itself when

variables which satisfies all the constraints isilmple.  there is no improvement of consecutive evaluations.
The initial form of these design points, which &led This implies the MCM will not terminate when these

as a complex, is not necessary to be a preciseajgom any chance of further improvement in responses, but

form. The complex is just a flexible mathematicain avoids th_e complex to be shrunk to such a size that
made up of at least k+1 design points. The conwaix h changes in the response are smaller than a praset. v
of the k+1 design points that define a k-simplex iSlt is necessary that the feasible region shoulddrex

led a f During i ial dureshib or the optimum does not lie at a constraint boupdar
called a face. During Its sequential proceduresmist — oipepyise a retraction to the centroid may resalt i

vertex is replaced by its symmetrical design pointnfeasible design points and the speed of the ndetho
affected by some coefficients. After each step, gends to become somewhat slow due to a zigzagteffec
decision is made to determine in which directior th In this study iterative strategies of the MCM have
complex must move. SN of paint thickness values on the outboard spoke
For the Modified Simplex Method (MSM), Nelder- (v ) as a moving trigger whereas SN of paint thickness
Mead modified the rigid simplex algorithm to allow values on the remaining areas of window outboard,
various procedures to adapt to the response surfaggindow between spoke and inboard spoke return to be
optimization much more readily. The MSM allows the merely process constraints or secondary respogges (
simplex to converge more rapidly towards an optimumrhe generation of the initial MCM begins with
by expansion and multiple ways of simplex cont@cti determining feasible initial design points thatisfat
along the line of conventional reflection in order both explicit and implicit constraints. Implicit
speed up the convergence (Fig. 2). constraints limit the values of secondary resporses
When the response at the reflected vertex is mor@Xplicit constraints limit the values of processiafles.

preferable than the responses from all previoutices, | € MCM parameters: the number of replicates ai n,
the expansion with a preset expansion coefficient ireflectlon coefficient oz, an expansion coefficient of
£, @ positive contraction coefficient afc, a negative

. Q
applied, to stretch the move. In some cases when thcontraction coefficient ofiyc and termination criteria

response at the reflected vertex is more desitdlai® o and; for the response difference and the coded size
the worst one, but still worse than all the remaini 4 the complex are set at 5, 1, 2, 0.5, -0.5, 0.80d
responses, the contraction with a preset contmctiog 05, respectively. The iterations replicate urttie
coefficient is applied to make the move shorten intermination criteria is at the satisfaction stafghilst
comparison to the reflection. Moreover, massivecontinually checking the termination criteria, tolling
contractions are applied when the new response gesteps below would be carried out:

worse than any of the previous ones. In this chse t - -
. . . : . Step 1: Generate an initial set of N ample designtp
size of the simplex is reduced by contracting ezfdks i : .
() located possibly near the current operating

edges to one. half of its previous length toward thecondition within explicit and implicit constraints.
vertex producing the best response. These rules are
repeated until the convergence criteria are mee Th . |fx' s infeasible, determine a centroid Grof
simplex moves over the response surface and should a current set of feasible design points and
contract around the optimum. reset: X=X + ¥%( X-x)
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» Evaluate the response of from n replicates Secondary Responseg)( Moreover, Lower (LB) and

in each feasible design point)(x Upper (UB) bounds of process variables (x) were
included in order to avoid solutions that extrap®i®o
far outside the feasible region of the experimental
design points, namely:

Step 2: Calculate the new design poirtt<{%) from the
ordinary MSM motions.

« 1fxMMis feasible, go to Step 3 Optimizes
« If xMM is infeasible, go to check for the ptimizey,
solution feasibility of the MCM. For each i, Subject to ]
reset violated variable bounds: If'®" < x* LB <ys=UB
setxMCM: L LB <x<UB
If XiMCM > XiU set )FMCM - XiU . . .
« If the resulting ¥ is still infeasible, retract Consider the model fit above, the new estimated

half the distance to the centroid'® = X +  design points, achieved by the generalized reduced
xMM)/2. Continue until ¥°™ is feasible and gradient algorithm, was;x 100, % = 70, % = 2.0 and

go to Step 3 Xs = 70 whereas remaining process variables were
similar to the current operating condition. Thiswne
operating condition brought the reduction of the
mismatch level of color shade from 2.91-0.92 arel th
metallic paint consumption at the acceptable lef&6
grams or a decrease for 4 g in each alloy wheed Th
metallic paint thickness on each zone was withim th
customer’s specification except Z3 or the area of
window between spoke which is the most difficukkar

Step 3: An implementation will be carrying out to
measure the primary response ef @heck for
the MCM termination rules below. If both rules
do not meet, continue and go to Step 2:

. Calculate_yzﬁz y () and“x:—ilz X

- \/Z(yp(xl) nla Ssand\/iz (X -xy <8 to spray all over that region. It could be enhanbgd
increasing the combination of pigments and resins,
RESULTS though this brings higher level of expense, or wppl

other sequential response surface algorithms.

As stated bef_ore, there are seven process vesiable Based on at least two significant effects on prima
affecting the quality measures in the EPCP. Morgove o
or secondary responses, the MCM with five process

the relationships on those process variables nstef variables was considered in order to decrease the

two variable interactions provide eight selected b f desi ints. Th ten initiali
interactions with the greatest importance. If thare nhumber of design points. There were ten ini laligtes
p Points needed for the process improvement on tké ne

two levels in each process variable the most deita ) X )
orthogonal array of all six types of Taguchi par&ne phase. The feasible design points were then meaasure

designs matches the standard Taguchi linear graph fthe primary responses. The worst design point hes t
L16 (2% of type II. During all phases of experiments, found and reflected over the centroid of the reingin
the specific standard performance levels of thedesign points. In the first iteration the MCM withe
machines and devices for all remaining trivial mss ~ expansion provided the new design point p£X92, %
variables; conveyor speed, rotation speed, direstaf = 55, % = 72, % = 74 and x = 2.6 whereas other
the wheel at stations 1 and 2, rotor speed, foraied process variables were fixed at the same levets fre
pressure, temperature, relative humidity and cited = CRSOM operating condition. The experimental results
air flow in spray booth were set at 4.1 m mjs0 rpm,  showed that the metallic paint thickness on eagate zo
clockwise, counter-clockwise, 28000 rpm, 1.3 b@ts, was still within the customer’s specification, egt&3.

30 Celsius, 65-85%, 26550-29500 h', respectively. In the second iteration, the new design point feom
On a preliminary study, all the experimental runspositive contraction was infeasible, before we ality
from the orthogonal array of L16 were used to araly modification, a check of whether the obtained desig
the regression coefficients 9f andys. These estimates point was close to a variable boundary or not was
were measured to compare with the approximate 95%erformed. Since X" > x," set X" = x", which
confidence interval. A Linear Constrained Responsalid lie on the boundary. This resulting'®¥' design
Surface Optimization Model (LCRSOM) was then point was still infeasible on all secondary resgsnsve
formulated to find the process variable settinghwiite ~ moved to Step 2c). We retracted half the distaodbe
highest level of the estimated primary responseof centroid (X) and the new design point of X" was x

and satisfying all other constraints of Estimated= 75, % =60, % =67, =67 and x=2.8.
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30 Table 3: A Comparison of process variable leveld #reir quality
Variable - LCRSOM measures from thé&inear Constrained Response Surface
Lo | = Cument MCM Optimization Method (LCRSOM) and Modified Complex
=T Method (MCM)
A £ Operating conditions
s 20 Process
= Variables Current LCRSOM MCM
= 15 X1 90 100 75
X2 50 50 60
10 X3 9.5-10.0 9.5-10.0 9.5-10.0
2 4 6 8 10 12 14 16 Xq 75 70 67
Design points Xs 2.3 2.0 2.0
Xs 75 70 67
] X7 25 25 2.8
- Variable = [ CRSOM Paint 60 56 52
—s— Current MCM Consumption
i 20 viaHRA 1 32 30 26
o via HRA 2 28 26 26
a Brightness
_;f L L 79.96 81.96 82.05
= a -0.61 -0.62 -0.59
it \ - /\/\ A /\ s b -0.32 -0.32 -0.45
c VRN LT S Y AE 2.91 0.92 0.82
— i : R TR The LCRSOM and MCM: The new levels of process
Design points variables bring the 13 % reduction on the metglfint

. . . ) o usage in each wheel during the manufacturing peoces

Fig. 3: Patterns of the metallic paint thicknesduding 54 improve the first time quality from 75% to 88%.
lower and upper bounds of the customersthe mismatch level of color shadsg) determined by
specifications on Z1 and Z3 the master plate referenced brightness (L = 82186;

At this design point, the constraints were not atetl, 0h'67 and_ b =-0.54) 1S less tg_a_n 1'OTWSI'Ch3'S t';ett;?
thus the design point was feasible. This MCM designt ellprevtl]ous operating gonh!tlon (Ta ﬁ )- \s exlat
point was set as a new operating condition and thoveSaMIer, the experiments in this research werai .
to Step 3). to two iterations. Consequently yhe new operating
The experimental results on paint thickness valuegond'tt.'ont. might not ged tthe_ op'umurtnh and f“”“?”
repeated the same quality performances on all zone¥lvestigations are needed 1o Improve the process in
However, the levels of both mean and standardrontext _of the response surface methodology. Other
deviation of paint thickness values on the outboar tochastic approa(_:hes could pe extgnded to thepnheth
spoke area (Z1) seemed superior to the previowssiev ased on conventlongl fact(_)rlal designs to comjfare
Though there was no quality improvement on theperformance, especially in terms of spegd of
average metallic paint thickness on the windowcenvergence and _when the error standard deviafion o
between spoke area (Z3), the variation decreased ét%e process is at higher levels.
expected via the concept of Taguchi signal to noise

ey CONCLUSION
ratio (Fig. 3).

DISCUSSION The elecf[r(_)static powder coatir_wg process creates a
durable finish on the metal. Like traditional liqui
The EPCP: The response surface methods will paints some plastics without the runs, drips artublas
generally search for the proper operating conditioncan occur via the principle of the opposite attract
under a consideration of a uni-response systerthisn Concepts and operations of the EPCP are simple. Dry
study, the quality measures of interest are thealfiet powder with the combination of pigments and re&ns
paint thickness values on four zones including thepneumatically fed from a supply reservoir to an
master plate referenced brightness or color shlklis. electrostatic spraying gun where the high voltage
study then deals with multiple responses. Tagugnias  charge is imparted to the powder. To be finishesl th
to noise ratio is applied as a process responggath®f part is electrically grounded. When the charged grw
the actual process yield. The EPCP uses automatjgarticles are sprayed, they are firmly attractedh®
spraying guns and there are seven process varidiates grounded part surface. They are held there untilede
affect the quality measures as mentioned above. and fused into a smooth coating in the curing ovens
1526
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Though there are some successful levels of proceskilani, H.S., A. Rajadurai, B. Mohan, A.S. Kumada

variables from different circumstances of the EPCP,
they seem impractical for painting aluminum alloy
wheels in an automotive industry. Optimized paramet
settings via signal to noise response surface rdstho
improved the paint thickness at the critical positand
satisfied the remaining specifications.
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