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Abstract: Problem statement: Flexible Printed Circuit or FPC, one of automotilectronic parts,
has been developed for lighting automotive vehidigsassembling with the LED. The quality
performances or responses of lighting vehiclegelied on the circuit width of an FPC and the etthe
rate of acid solution. According to the current igheg condition of an FPC company, the capability
of the manufacturing process is under the compagyirement. The standard deviation of FPC circuit
widths is at higher levels and the mean is alsosedhan specificationg\pproach: In this process
improvement there was four sequential steps basdtieodesigned experiments, steepest descent and
interchangeable linear constrained response sudptimization or IC-LCRSOM. An investigation
aims to determine the preferable levels of sigaificprocess variables affecting multiple responses.
Results: The new settings from the IC-LCRSOM improved &ifprmance measures in terms of both
the mean and the standard deviation on all propagterns.Conclusion: From this sequential
optimization the developed mathematical model batetl for adequacy using analysis of variance and
other adequacy measures. In the actual investigatie new operating conditions lead to higherleve
of the etched rate and process capability includimeer levels of the standard deviation of the witrc
widths and etched rate when compared.

Key words: Flexible printed circuit, circuit width, etchedtea multiple regression, linear constrained
response surface optimization

INTRODUCTION principles of the upward acid spray and the use of
additives to reduce the etching ability are neagska
successful implementations (Coombs, 2007). So to
validate on processing and to sustain finished good
with the permanent prevention, the precisely etched
condition should be optimized. On characteristicthe
FPC, the circuit width can be categorized into Top
and Bottom (B) circuit lines (Fig. 1). These are th
varieties on the horizontal etching.

9 Currently, the circuit width of the FPC is at high
levels of standard deviaton at 0.0017 and 0.0026
millimeters (mm) on the top and bottom circuit Wit
);espectively. The average values of both circuithg are

Flexible Printed Circuits (FPC) play a major rale
all electronics industries. Nowadays, the markgtires
increasingly complicated and sophisticated eleatron
parts in terms of specifications (Torgy al., 2004).
Therefore, quality excellence is very critical ihet
manufacture of flexible printed circuits. A collexst of
designed experiments and mathematical programmin
techniques have been applied for quality improveriren
automotive electronic parts. Here, a case studyuatity
improvement of FPC through the systematic apprasch
presented. FPC is usually applied to mechanicall
support and electrically connect electronic comptme At lower levels when compared to the target of @nbo
This study particularly interests to improve thelify of ~ According to the current process capability stuthe

the FPC which assembly with the LED for the liggtin Sigma level of the FPC manufacturing process isvent
automotive vehicles. satisfactory. Therefore, this etching process shdg

The emission light and optical properties areinvestigated in order to reach the optimal opegatin
mainly relied on the relationship of the etchederaf ~ condition. For the preferable responses, this ingment
acid solution and circuit width, one of the keylda¢  applies four steps of experimental designs and/sesito
and break down to LED of lighting vehicles. The find out the suitable levels of process variables.
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experience of the experimenter. Designed experisnent
can determine and quantify how the interactionvad t

or more process variables affects the FPC process
responses. It is also easier and faster with tisggded
experiments to demonstrate their relationships. A
completely randomized design is one where the
treatments are assigned completely at random do tha

Top circuit

Bottom
circuit

Fig. 1: Crossed section of the circuit width each experimental unit has the same chance of
receiving any one treatment (Brase and Brase, 2011)
MATERIALSAND METHODS Data obtained from the designed experiments can

be analyzed using Analysis of Variance (ANOVA).

In an optimization, process variables can be botfANOVA collects statistical models which compare
controllable and uncontrollable when applied tomeans by subdividing the overall observed variance
industrial experiments. The experiments are run byhto different combinations. ANOVA shows whether

controlling the current levels of the uncontrolabl model variance is statistically —significant when
process variables and then performing all or sofne ocompared to the experimental variance. Moreover,
the combinations of the controllable process véeiab designed experiments with center design points will
levels in a context of designed experiments with ordetect nonlinearity. Then, if nonlinearity is detet;
without replications. Then, a new operating conditi Other tests can be performed to determine whicbess
of the uncontrollable process variables is chosem a Variables are responsible for the nonlinearity.most
the sequential procedures are repeated. The algenfti  Cases, other tests are not needed. A sequenaatgtr
various industrial experiments is to determineléwels ~ allows the organization to spend money on thesea ext
of the designed process variables that optimize #Sts only when they are needed (Ireson and Coombs,
response via these general three steps. 1988).
The first is a screening experiment. Its objects/e
to reduce the many candidate process variables to Jeepest Descent Method (SDM): The steepest
relatively few potentially important process vateh descent method is one of the simplest and the most
that influence the process response. This alsavallo fundamental minimization methods for unconstrained
experiments in the following steps to be more &ffic  OPtimization. Since it uses the negative gradientts
and use fewer experimental runs. The second step §fscent direction, it is also called the gradiesthud.
steepest ascent (descent) is to bring useful irdiom ~ After a first-order model has been formed, the
from the previous step to move through theregressmn.coeff|C|ents from this linear model ased
experimental region in an attempt to get closeth® 10 _determme the coordinates of related process
maximum (minimum). In some cases the proces¥ariables along the path. Through the feasible
variables and related process limitations form theexperimental region the movement of process vasgabl
mathematical programming models such as the Linea@long the steepest descent path is proportionaheo
Constrained Response Surface Optimization ModeMagnitude of the regression coefficient, with the
(LCRSOM). The last one is an optimization or praces direction based on the sign of the coefficient. Path
mapping. After a success to obtain a small regioPf steepest descent moves a specific distance iy
around the optimum a mathematical model of thethe center of designed process variables in thetion
system that approximates the true second-orde?f the minimal response. The minimization procedure
response function is then formed to approximate®f the linear function uses Lagrange multipliers by
curvature near the optimum by using statisticalymie ~ taking the partial derivatives with respect to each
of the experimental results. The model can be tised Process variable.
determine optimal operating conditions on the desig
process variables (Luangpaiboeiral., 2010). Interchangeable Linear Constrained Response
Surface Optimization Models (IC-LCRSOM): The
Designed Experiments (DE): Investigation of the response surface methodology or RSM is the
Flexible Printed Circuit (FPC) process is relatiwvehrd ~ combination of mathematical and statistical aspéwxts
due to the complexity and number of process vagimbl optimize the response. It is an empirical modeling
and multiple responses. Simple designed experimentechnique devoted to the evaluation of relatioristigng
can take long computational times to explore a dexip between a group of controlled experimental process
process and the results mostly depend on theakill variables and the observed results of one or more
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selected criteria (Igbal and Khan, 2010). Manydetermination of the optimum. In order to achiels,t
statistical techniques are used to solve multiplehe research was conducted by four steps.

response problems such as overlaying the contdots p The first is to identify the influential process
for each process response, constrained optimizatiopositions that have a significant influence on the
problems and the desirability approach. In thieaesh, objective functions of the top and bottom circuidtlis.

a linear constrained response surface optimizatiofhe next step is to develop designed experiments in
model is recommended due to its simplicity, avdiiigb  order to obtain the new levels of significant prexe
in the software and provides flexibility in giving variables affecting the etched rate. Under corecbll
importance for the specific response. Solving sucHevels of etched rate, the third is to develop the
multiple response optimization problems using thismathematical model and verification of its adequy
technique involves using a technique for combiningmove toward the optimum via the path of steepest
multiple responses into interchangeable linear nsode descent based on the circuit width. Finally, itais
The multiple regression model of each responsebeill analysis of the new operating condition via theeet

set as the objective and remaining regression reodebf different paths of steepest descent on various
will turn to be merely the constraints. The outceme objective functions in forms of IC-LCRSOM in order
from all the models will be overlaid and the praefde  find the optimal working range via the overlaid
levels of process variables are then determined. mapping process.

In this study, the interchangeable linear conséai In the first step, a completely randomized design
response surface optimization model (IC-LCRSOM) isone-way Analysis of Variance (ANOVA) was applied
proposed to set up a relationship of the linearto analyze the process responses on circuit widths.
constrained responses and influential processhlaga experimental designs were performed to determiee th
Originally, linear programs are problems that can b statistically significant process conditions or the

expressed in a canonical form (1). capability of measurement system which consisthef t
pattern and sheet positions. The process positods
MinimizeC™ M feasible ranges are provided in Table 1. In thiglgt

) the numerical results shown that on both circuithé
the significant process is the pattern positiothat95%
confidence interval (Table 2). The pattern positien
then applied as the designed position in the rext s

where, X represents the vector of process variales In the second step, according to the results from

be determined), C and B are vectors of (known)he first step both circuit widths are unbalanced a

coefficients and A is a (known) matrix of coeffiote each level of pattern position, so the second atm

of problem constraints. The expression to be maeéthi to analyze the etched rate (R A two level

or minimized is called the objective function™§Cin  experimental design with additional two centre desi

this case). The constraints Ax B specify a convex points was performed to determine the statistically

polytope over which the objective function is to besijgnificant process variables of A, B and C (an

subjecttoAX=> B
andXz 0

optimized (Luangpaiboon, 2011). attribute). The levels of process variables (ACB.0n
the centre design points are (45, 3.0, -1) and 343,
RESULTS 1). Low and high levels including centre designng®i

are selected cover values of feasible ranges in a

Due to the poor knowledge on process Variame@roducti_on Ii_ne (Table 3). Note that all levels as
influence on multiple quality performance measuresShown in this research are all coded. At the 95%
the tests were carried out using a S,equemiaq:onﬂdence interval a_II sources of variation andith
experimental strategy. The studied objective fiomst ~P-Value were shown in Table 4. _
or process responses consist of the etched rat, (R~ According to the results from the analysis of
the circuit width difference from the target on tlop ~ Variance, A is the most important influential prese
(Rrcw) and on the bottom @w). There is no exact variable, closely followed by B. There was no
customers’ specification on the etched rate, bt th significant on all interaction effects includingetimain
minimal standard deviation is the most preferablee  effect of an attribute process variable of C. Frthre
target on both circuit widths is at 0.1 mm. Thisstgy  main effect plot, appropriate levels of processaldes
aims to perform a number of experimental desigtstes A and B are set at 60 and 3.1, respectively. When t
that enable a determination of process variableslwh new operating condition has been applied, theneois
have significant effects on the process andmprovementon the sample mean of etched response
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Table 1: Process positions and their feasible mnge

Position Level
Pattern MT, Cenl, Cen2, OP
Sheet S1-S15

Table 2: ANOVA for base line analysis

P-Value
Position Rew Recw
Pattern 0.000 0.000
Sheet 0.881 0.954

Table 3: Process variables and their feasibletested levels on the

etched rate analysis

Tested levels

Process Feasible

variable level Low High
A 30-60 30.0 60.0
B 2.0-4.0 2.9 3.1
C Attribute -1.0 1.0

Table 4: ANOVA with all main and interaction effsct
Sources P-Value for Rgr

A 0.001
B 0.029
C 0.371
A*B 0.791
A*C 0.675
B*C 0.169
A*B*C 0.201

Centre point 0.162

Table 5: Process variables and their feasible asted levels for
circuit width analysis

Tested level
Process Feasible
variable level Low Center High
B 2.0-4.0 2.9 3.1 3.3
D 3.0-4.0 3.4 3.5 3.6
554
® ®
N
%
504 #
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=
401 %
35+ . ; .
Current DE SDM

Fig. 2: Box-Whisker Plot of g

However, its sample standard deviation decreases fr
2.033-1.365.

The method of multiple regression analysis at the
significance level of 5% is then applied for statesly
significant process variables to determine the most
preferable fitted equation of associated process
variables of A and B on the response of the etchtsl
According to the obtained experimental results the
developed model is statistically accurate and can b
used for further analyses. The fitted first ordexdel in
terms of actual process variables is shown Eq. 2:

Expected Rr = 63.14-0.1708A-13.875B 2

From the fitted model, design points are typically
carried out one at a time on the path of steepestanht.
After a setting in the process variables is deteeuhj
there are some steps along the path with the stes
0.2 before the response of etched rate starts to
deteriorate. The preferable levels of process bbeaA
and B are 60 and 3.8, respectively. When the new
operating condition has been applied, the new dtche
rate is improved with the sample standard deviatibn
1.124. In summary, the etched rate has been catfiynu
improved with the P-Value of 0.000 (Fig. 2).

In the next step the process variable of A is then
fixed at the suitable level of 60 to maintain the
preferred level of etched rate from the previolwepst
The remaining variable of B, associated with the
etching process, returns to be merely a procesablar
when focused on the responses of both circuit width
Another experiment with B and the additional praces
variable of D is then carried out. The low and high
levels including centre design points are selectmer
values of feasible ranges in a production line to
investigate the response or the circuit width défee
from the target as shown in Table 5.

Regression coefficients were calculated using the
least-square method. Their estimated values inotudi
the most preferable fitted equation of associatedgss
variables of B and D at the 95% confidence intearal
listed in Table 6 and 7 for all studied objective
functions or response on the topr£{g) and bottom
(Recw), respectively. The relationships of the process
variables and the responses in terms of the pdths o
steepest descent are then determined via the fittear
multiple regression lines as follow Eq. 3 and 4:

Expected Rew = 0.05392-0.0162B+0.0075D ©)

(4)

The method of steepest descent is then applied to
determine the most preferable levels of associated
process variables to the responsesigiyRNd Rcw.

Expected Bew= 0.1279-0.0342B-0.0035D
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Contour plot of top circuit width
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Fig. 3: Estimated Contour Plots ofdg, (a) and Bew (b)

Table 6: Regression analysis including its sigaific coefficients
and ANOVA table on Rw

Predictor Coef SE Coef T P-value
Constant 0.05392 0.007415 7.27 0.018

B -0.0162 0.000968 -16.78 0.004

D 0.00750 0.001936 3.87 0.061

Source DF SS MS F P-value
Regression 2 0.000045 22380 148.33 0.007
Residual 2 0.0000003  15x10

Total 4 0.000045

Table 7: Regression analysis including its sigaific coefficients
and ANOVA table on Bew

Predictor Coef SECoef T P-value
Constant  0.1279 0.04287 2.98 0.096

B -0.0342 0.005598 -6.12 0.026

D -0.0035 0.01120 -0.31 0.784

Source DF SS MS F P-value
Regression 2 0.000188  94x%0 18.77 0.05
Residual 2 0.000010 5xf0

Total 4 0.000198

Table 8: Rcw and Rcw via the SDM

B D Rrew Recw
2.9 3.4 0.032 0.0150
3.3 3.4 0.026 0.0040
2.9 3.6 0.034 0.0170
3.3 3.6 0.027 0.0006
3.1 3.5 0.030 0.0110
3.3 35 0.025 0.0010
3.5 3.5 0.022 0.0050
3.7 3.5 0.019 0.0140
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The actual step size is determined by the expetenen
with a consideration of other practical's or theqess
knowledge. These experiments will be terminatedrwhe
there is an increase in responses fromldke step.
Eventually the experiments arrived to the vicinity

the optimum. From all the design points of curramd
previous conditions, the estimated relationshiphef
process variables of B and D and the responses,
categorized by top and bottom circuit widths, are
shown in Fig. 3.

The mathematical programming model is then
formulated to minimize the desired response of the
circuit width difference from the target. For thept
circuit width, the preferable levels of processiafles
B and D are 3.7 and 3.5, respectively. For theonott
circuit width, the preferable levels of processiafales
B and D are 3.3 and 3.5, respectively (Table 8thBo
new operating conditions from the steepest deszent
different, but a higher level of the circuit wid#ffects
the short circuit defect more seriously on the FPC
process. The latter is then used to implement.

After an implementation of the new operating
condition (B and D are 3.3 and 3.5, respectivelyg
sample mean on the top circuit width is improveshfr
0.074-0.075 mm and the sample standard deviation
from 0.0017-0.0012 mm. The sample mean on the
bottom circuit width is improved from 0.097-0.099n
the sample standard deviation from 0.0026-0.0024 mm
and Cpk increases from 0.85-1.19 (Fig. 4).

In the final step, the experiments aim to analyze
both top and bottom circuit widths by using
interchangeable Linear Constrained Response Surface
Optimization (IC-LCRSOM). All equations (2-4) from
previous steps were used to generate the proper
levels of process variables on all responses v th
overlaid mapping process. The new levels of process
variables A, B and D are 60, 3.4 and 3.5, reSpedy.
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steepest descent until some consecutive runs have

LSL Targst USL ) N .
Brocess Data : . ; —— Witin resulted in an increase in the response.
E 0% i \ \ - ol Often times, due to constraints and multiple
UL ot | ! l Foteatial CHihin) responses, it is not feasible to optimize the pgscga
Sample Mean 0102125 Capability .
ool 42 ! ‘ } @ 1% the conventional steepest descent. It would bealist
CPL 152 . . . .
SDer(Within) 002100 | ) | au 1 impossible to successfully run one design pointat
StDeviOverall) 000208574 | |
I \ Gk 155 time because of the interaction effects among the
l } R responses. We have introduced the mathematicalImode
| T e BL 193 involving some limitations on the process variabies
FII I e 1o handle the different process responses. After bhefin
pbaemed L Vihin  Overl Gm 111 how to determine all paths via multiple regression
PEM=LSL 000 || BEM<LSL 000 || BEM<LSL 0w analyses, we propose a framework of overlay mapping
PPM=TISL  0.00 PPM > USL 8898 PPM=>TSL 8215 1 1 9
T oo || ToueuSL B ) L 2D for carrying out the solution. Each method haoitsr
advantages and disadvantages. The best method will
Fig. 5: IC-LCRSOM Performance on&y depend on the particular designed experiments, the

starting design points used, the shape of the kctua
When the new operating condition has been apptied tresponse surfaces, experimenters’ experience and
the FPC process, the sample mean on the top circuiesults from previous experiments.
width is improved from 0.074-0.077 mm and the
sample standard deviation from 0.0017-0.0012 mm. CONCLUSION
The sample mean on the bottom circuit width is
improved from 0.097-0.102 mm and the samplet

gtandard deviation from .0'0026'0'0021 mm. Cpkfour experimental steps based on the concepts of
increases from 0.85-1.25 (Fig. 5). designed experiments, steepest descent and IC-
DISCUSSION LCRSOM. Focusing on the last two concepts, emgirica
models have been developed. They allowed
The current operating conditon from the €Xperimenters to determine a correlation between
manufacturing process of FPC affects the widthathb influential process variables and performance initics
top circuit and bottom circuit including the etchede ~ ©F "€SPONses, such as etched rate, top and boitowit ¢
differently. It is quite hard to design the expegits to width. The designed experiments are performed and

successfully approach the optimum. Moreover, som hen the steepest descent analysis an(_:i i_”tefcm'ﬂgea
design points ended prematurely. Currently theinear constrained response surface optimizatiodaiso

operating condition brings the top circuit widththvi aireniﬁfa?rilted rggeslgvszgi%%ﬁZst?r? oe(zlzfrert?)blifn lre(;/b?(last of
some distant from target whereas the bottom circuit'J P P

X ; quality of both top and bottom circuit widths. Bath
width close to target. The quality performancesBC experimental models bring the preferable responses

are sllgthtlly ?ard to meas(ljJr((ej. tlt should b? r_1|_ohteai tth(foth circuit widths. Though, the experimental réesul
sequential steps are needed (o carry out. 1Sy SWUG 5 m the SDM seem to be worse. For further reseitrch

performed designed experiments to enhance and retajg very desirable to enhance its procedures byingry

the performance measure of etched rate and cortinue step length which enable fast convergence and gesse

improve the circuit width on both top and bottona Vi iho monotone property.
the conventional designed experiments, steepesendes The mathematical model of IC-LCRSOM, that
and IC-LCRSOM. , have been developed, can be used for the seleation

During implementations of the steepest descent angperating process variables’ proper values in otder
IC-LCRSOM the outcomes rely heavily on the gptain the more desired values of key performance
assumption of no interaction between influentialindices when compared (Table 9). Especially, the
process variables. The normalized regressioample mean on the top circuit width is close te th
coefficient will then be used to move the desigosits  target and there is an increase in Cpk on the fotto
with some preset step length. This would allow thecircuit width and decrease in the sample Standard
experimenter to make great moves in the influentiaDeviation (SD) from customer requirement from all
process variable toward a region where the optimunprocess patterns (Fig. 6). After an actual
lies. When leaping along this path, it is usefuhtwe a  implementation of the new operating condition frima
rule for deciding when to stop conducting desigmpo  IC-LCRSOM, the experimental results on top and
along the path of steepest descent. A good rule dvottom circuit widths were statistically signifidaat the
thumb is to continue experimenting along the pdth 05% significance level.
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The influence of the operating process variabtes o
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