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ABSTRACT

Solder paste is the main soldering material used to form strong solder joints between printed circuit
boards (PCB) and surface mount devices in the surface mount assembly (SMA). On average 60% of end-
of-line soldering defects can be attributed to inadequate performance of solder paste stencil printing.
Recently, lead-free solder paste has been adopted by electronics manufacturers in compliance with the
RoHS directive. However, soldering defects in the ball grid array (BGA) packages used in lead-free SMA
have become more prevalent and are difficult to detect. In this study, a fuzzy logic-based Taguchi method
is proposed to optimize the fine-pitch stencil printing process with multiple quality characteristics for
the micro ball grid array (micro-BGA) packages using a lead-free solder paste. A structured data set is
first collected from an L;g (2! x 37) fractional factorial design experiment, followed by multi-response
optimizations and analysis of variance (ANOVA) for identifying significant factors. The optimization per-
formance gained by the proposed fuzzy logic-based Taguchi method is compared with the results of other
two hybrid methods including a combination of neural networks and genetic algorithms, and the inte-
gration of the response surface methodology with a desirability function. The confirmation experiments
show that the proposed fuzzy logic-based Taguchi method outperforms the other two methods in terms
of the signal-to-noise ratios and process capability index.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

at the correct position for every printing cycle [6]. Taking the BGA
package as an example of stencil printing, in the first step, air pres-

Surface mount technology (SMT) is the primary method used for
the fabrication of many modern electronic products. The surface
mount assembly (SMA) process consists of three sub-processes,
including solder paste stencil printing application, component
placement, and solder reflow, to form strong metal solder joints
between the printed circuit board (PCB) and surface mount devices
(SMDs). Changing consumer preferences have driven product
designers to continue the move towards miniaturization that
makes SMA process more complicated to control. Especially, the
solder paste stencil printing is recognized as the most difficult pro-
cess for quality assurance in electronic assembly, and averagely 60%
of end-of-line soldering defects can be attributed to poor stencil
printing performance [34,46].

The purpose of the stencil printing process is to consistently
deposit the desired amount of solder paste in the appropriate form
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sure is applied to force the solder paste to roll to the front of the
squeegee blade and fill in the stencil apertures, as displayed in
Fig. 1(a). The squeegee travels across the surface of the stencil to
transfer and deposit solder paste onto the corresponding PCB pads
for the BGA package after the stencil is released, as depicted in
Fig. 1(b). After that, the BGA package is placed on the corresponding
printed pads using a placement machine in the component place-
ment stage, as shown in Fig. 1(c). Finally, the solder paste is heated
and solder joints are formed through a reflow oven.

The stencil printing performance is influenced by many vari-
ables, including stencil aperture design, solder paste properties,
tool selection, and printing method [40]. The stencil printing factors
are frequently considered by researchers and process practitioners,
as summarized in Table 1. For examples, Coleman [10] and Smith
[43] revealed that the amount of solder paste deposited is directly
restricted by the stencil aperture area ratio and stencil thickness.
The squeegee pressure and speed, as well as the speed used to sep-
arate the stencil from the PCB also have consolidated effects on
the uniform formation of paste bricks [34,45]. Too low a squeegee
pressure can leave a thin film of solder paste on the stencil surface,


dx.doi.org/10.1016/j.asoc.2016.06.020
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.06.020&domain=pdf
mailto:tntsai@stu.edu.tw
mailto:mika.liukkonen@uef.fi
dx.doi.org/10.1016/j.asoc.2016.06.020

T.-N. Tsai, M. Liukkonen / Applied Soft Computing 48 (2016) 124-136 125

Pressure

Squeegee

s1zc Stencil

Paste
@ printing

Paste
(b) deposited

BGA
© mounted

Fig. 1. Stencil printing and placement of a BGA package.

Table 1
Summary of the mostly considered stencil printing factors.

Publications

[1,10,43,45,46,34,40]
[1,5,7,6,18,20,22,43,45,54]
[5,6,26,34,40,44,46]
[5,6,26,34,40,45,46]
[5,6,10,34,40]

[1,5,6,15]

[22,43,34,45,46]

Stencil printing factors

Stencil and aperture designs

Solder paste properties

Squeegee pressure

Squeegee speed

Separation speed

Stencil wiping and cleaning frequency
Snap-off height

conversely too high a squeegee pressure may yield scooped paste
prints and deposit irregular amounts of solder paste [44]. Further-
more, too high a separation speed may pull the solder paste out of
the aperture and generate an uneven paste brick surface [10]. More
frequent wiping and cleaning the bottom of the stencil may pro-
duce better print quality and registration [15], however it increases
printing cycle time.

Solder paste is the main soldering material used in the SMA.
It is not possible to continue using certain hazardous materials in
electrical and electronic equipment due to the restrictions of the
hazardous substances (RoHS) directive. As a result, most electron-
ics manufacturers have gradually replaced the traditional tin-lead
solder paste (i.e., Sn63/Pb37) by a lead-free alternative. The Sn-Ag-
Cu (SAC solder alloy, e.g., Sn96.5/Ag3.0/Cu0.5) family of lead-free
solder alloys are the most promising candidate for the replacement
of eutectic Tin-lead ones to adapt in miniaturization technologies
and are most commonly utilized in modern electronics industry
[22]. However, the performance of the lead-free solder paste dif-
fers from its counterparts because of differences in the materials
properties. A major influence under investigations for melting tem-
perature of lead-free alloys are 30-40 °C higher than Tin-lead solder
in the solder reflow process. The main differences between leaded
(Sn63Pb37) and lead-free (Sn96.5/Ag3.0/Cu0.5) solder alloys con-
cerned by process practitioners are summarized in Table 2 [18,54].
Recent studies have indicated that the properties of the lead-free
solder paste and the fine-pitch SMDs are the two most important
factors to consider in improving soldering quality [6]. Therefore, a
good understanding of the soldering paste properties is crucial to
process practitioners who can conduct the necessary stencil print-
ing process changes and reduce soldering defects, and increase
lead-free assembly reliability.

The soldering defects became even more prevalent after the BGA
packages were assembled using lead-free alloys and have often

Table 2
Sn63Pb37 compared with lead-free SAC alloy candidate.
Properties Leaded Lead-free Unit
(Sn63Pb37) (Sn96.5/Ag3.0/Cu0.5)
Solder paste properties
Melting point 183 217 °C
Surface tension 420 450 to 500 mN/M
Tensile strength 41 35 mPa
Shearing strength 27 30 mPa
Hardness 13 15 Hv
Density 8.5 7.4 g/cm?
Shelf life (In refrigeration) >12 12 Month
Shrinkage effects Low High -
Cosmetics Shiny Dull -
Relative cost 1x 3x -
Self-centering during reflow  Good Fair -
Important reflow soldering criteria
Reflow process window 67-77 48-53 °C
Minimum preheat Temp. 100 150 °C
Maximum preheat Temp. 150 200 °C
Reflow lower Temp. limit 200 235°C °C
Reflow upper Temp. limit 235 245 to 260 °C
Reflow peak Temp. 205-215 235-245 °C

been difficult to detect [39]. An inappropriate amount of solder
paste for a specific micro-BGA package can lead to several solder-
ing defects, such as bridging, insufficient wetting, and cold solder
joints. Furthermore, an imbalance of solder paste deposits on the
BGA packages can generate end-of-line soldering defects, such as
opening, balling, and head-in-pillow defects [40]. The wetting per-
formance of the lead-free SMA may not be as good as that of
the tin-lead one, being particularly sensitive to paste-to-pad mis-
alignments or centroid offsets, which can lead to serious soldering
defects for micro-BGA packages [20,43].

In practice, engineers usually utilize a time-consuming trial-
and-error search for printing parameters to find acceptable printing
quality, and this can dramatically increase manufacturing costs.
Although the soldering defects for micro-BGA packages can be
repaired manually, however, it is costly to increase inspection and
quality recovery efforts. Thus, optimization of the fine-pitch micro-
BGA stencil printing process with multiple quality characteristics
is necessary for lead-free SMA to become a more efficient and
cost-effective strategy, especially, for improving the stencil print-
ing process performance to achieve robust solder joints without
jeopardizing the downstream processing steps [40].

The remainder of this paper is organized as follows. The lit-
erature is reviewed and the methodologies used to optimize a
stencil printing process with multiple quality characteristics are
described in Section 2. Section 3 describes the empirical study.
Finally, research results and concluding remarks are given in sec-
tion 4.

2. Literature review
2.1. Taguchi method

The Taguchi method is widely utilized to determine factor level
combination and to evaluate possible factor interactions thereby
ensuring the appropriate design of a product or process [37]. This
methodology allows process practitioners to initiate experiments
with many factors varying on a few levels instead of necessi-
tating full factorial experiments [42]. The orthogonal array (OA)
and signal-to-noise (S/N) ratios are the main instruments for eco-
nomically conducting and analyzing an experiment. The OA is a
fractional factorial matrix where the process factors are arranged
into columns and the factor level combinations are designed by
rows to be used for the experimental runs. The S/N ratio is used to
evaluate deviation from the target of a response and process varia-
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tion [36] with a higher S/N ratio indicating a more robust process.
However, the Taguchi method emphasizes single response opti-
mization. In practice, an engineer’s subjective judgment is required
to optimize a process with multiple quality characteristics using a
weighting approach. It is troublesome and unreliable for engineers
to decide on a definite weight for each response.

Taguchi defined three attributes of quality characteristics to
transform responses into S/N ratios [37,2], including: (1) the
smaller-the-better (STB); (2) the larger-the-better (LTB); and (3)
the nominal-the-better (NTB). The attributes LTB and NTB adopted
in this study are formulated as shown in Egs. (1) and (2) to obtain
the respective S/N ratios.
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2.2. Fuzzy logic system

The fuzzy set theory introduced by [56] was designed to manip-
ulate the imprecise and vague information proceeding from the
human decision-making process by using the degree of member-
ship [24]. This method can be used to quantitatively tackle decisions
stipulating uncertain parameters [23]. For example, a fuzzy set A in
X corresponds to a type of membership function u(x) which indi-
cates the grade of membership of x in A within the interval [0,1].
Ais defined as {(x, na(x)) | x € X} on a universe of discourse X [24].
The fuzzy logic system is inspired by fuzzy set theory and enables
the modeling of the human reasoning process. This is a universal
approximator for the implementing of nonlinear mapping between
input vectors into scalar outputs in terms of firing fuzzy rules to
some degree [27]. The fuzzy logic system and fuzzy reasoning have
been successfully adopted in many complex industrial applications
[12,52,48].

Fuzzy logic systems have frequently been utilized for process
simulation or control. The systems can be constructed either based
on expert knowledge or from data based on a set of “If-Then” rules
[27]. A typical fuzzy logic system has four ingredients, including
the fuzzifier, fuzzy rule base, inference engine, and defuzzifier.
First, in the fuzzification process, the crisp inputs are fuzzified
into linguistic variables using membership functions. In the fuzzy
inference process, the fuzzy implications are implemented by the
composition of fuzzy relations, such as max-min and max-product
compositions. The max-min composition provides superior lever-
age and is compromised of fuzzy rules that yield a more reasonable
reasoning result [21], and is used in this study.

In the simple two two-input and one-output fuzzy rules are
considered:

Ri: IF xq is A1 and x; is By THEN y is Cq;

Ry: IF X1 is Ay and x, is B THEN y is Cs.

To combine these two rules to infer C, the max-min composition
is utilized and illustrated as in Eq. (3).

e@) = [1ra, (x1) A g, (x2) A prey, D]V (14, (X1) A s, (%2) A pc, V)]s (3)
where (4, g, and pc represent the membership functions of

A1, B1, and Cq, respectively. The symbol “A” is the minimum aggre-
gation, and “v” is the maximum aggregation.

In defuzzification the fuzzy output is converted into a crisp
value. The center of area (CoA) is a widely-used defuzzification
method which calculates the area under the scaled membership
functions corresponding to the limit of the output variable and
generates a crisp value [41], defined as Eq. (4) below:
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1
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where u4(z) is the output membership function.

) (4)

2.3. Genetic algorithm

Genetic algorithm (GA) was invented to mimic the process of
a natural evolution system to parallelly and globally resolve opti-
mization problems using the mechanism of natural selections [16],
which empowers its capability of resolving both constrained and
unconstrained optimization problems. Comparing with conven-
tional searching techniques, GA can simultaneously and quickly
assess many points and simulate the survival of the fittest among
individuals across the solution space, therefore is more likely to
obtain the global solution.

Initially, GA starts with a set of candidates called a population,
and followed by repeat modifications for a population of individ-
ual solutions through “evolves” for achieving the optimal solutions.
The evolving process involves include selection, crossover, and
mutation operators. The selection mechanism randomly selects
the individuals and survival of the fittest. The crossover operator
represents mating between individuals. The mutation introduces
random modifications. Interested readers are referred to Coley [11]
to obtain a more detailed discussion of the GA and its applications.
The GA pseudo codes are listed as below.

Randomly choose initial population

Evaluate each fitness of individual

Do loop

Select the fittest individuals to reproduce

Mate pairs randomly

Apply crossover operator (P¢)

Apply mutation operator (Pr,)

Evaluate each fitness of individual

Until terminating condition is met

2.4. Artificial neural network

Artificial neural network (ANN) is a commonly used artificial
intelligence tool that mimics the decision-making process of a bio-
logical neural system. ANN is a powerful modeling tool to map
the nonlinear relationship between multiple inputs and multiple
outputs through data learning [9]. The back-propagation network
(BPN) is a popular supervised data-leaning algorithm that adjusts
randomized weights using the steepest gradient descent method
along the error surface during the data learning process [38]. Some
of the user-defined parameters used to design a BPN model include:
(1) the number of input, hidden, and output layers; and the number
of processing nodes for each layer; (2) the learning rate; and (3) the
momentum. Readers are referred to Lippmann [25] for the general
design rules for modeling a BPN.

In the last two decades, ANN has been utilized to solve predic-
tion [19], functional approximation [3], and process control and
optimization problems [35,8,28]. Due to the nonlinear nature and
complexity of the fine-pitch micro-BGA stencil printing process,
the BPN algorithm is suitable to establish the nonlinear relationship
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Fig. 2. Flow diagram of optimization of the stencil printing process.

between process inputs and outputs. The hybrid method combines
ANN and GA can be an alternate to resolve the given optimization
problem in this study, that is, the trained BPN patterns acts as the
fitness function for the genetic algorithm to optimally search the
micro-BGA stencil printing parameter sets.

2.5. Response surface methodology

Response surface methodology (RSM) is a series of mathemati-
cal and statistical techniques used for system modeling and analysis
[32]. By a design of experiment (DOE), the objective is to optimize
responses which are influenced by several input variables using
a two or three-dimension hyper surface. Generally, the second-
order (or quadratic) model is given by Eq. (5), which is one of

the frequently-used models for optimizing the given problem pre-
sented in this study.

(5)

n n n
Y =B+ Zﬂixi + ZZﬂinin +é&
i=1 i=1 j=1
where (x1, X2, -+, Xn) represent the input parameters, (g1, g2, = gn)
are the estimated coefficients, go denotes the mean of all responses,
and ¢ is a random error component.

Previous applications of the Taguchi method mostly consid-
ered a single quality characteristic for stencil printing process,
so a simultaneous optimization solution on multiple performance
characteristics is deficient. Additionally, many researchers have
attempted to solve the problem of ensuring stencil printing qual-
ity using statistical analysis [34,33,5], artificial intelligence [26,46]
and mathematical modeling [50,53]. Although some improvements
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Fig. 3. SPI images for a BGA package.
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Table 3
Stencil printing factors.

Printing factors Descriptions

Separation speed
Wiping frequency
Squeegee pressure
Squeegee speed
Snap-off height
Stencil aperture ratio
Stencil thickness
Paste viscosity

The speed setting for separating PCB and stencil after a printing cycle.

The frequency of stencil cleaning using a wiper after a specified number of PCBs have been printed.
Pressure applied on the squeegee to control the printed pattern and solder paste volume.

Speed the squeegee moves across the stencil surface to transfer solder paste onto solder pads.
Distance between the stencil and PCB for controlling the amount of solder paste deposited.

Ratio of the aperture area to the area of the pad.

Thickness of a stencil used to control solder paste volume.

Changes in viscosity during printing, which controls printing pattern.

Table 4
Factor levels of stencil printing parameters.
Abbreviations; Factors Level | Level Il Level III
A (Sep_speed) Separation speed (mm/sec) 1.0 3.0 -
B (Wipe_F) Stencil wiping frequency (cycles/times) 1 3 5
C(S-press) Squeegee pressure (kg) 5 7 9
D (S_speed) Squeegee speed (mmy/sec) 20 40 60
E (Snap_off) Snap-off height (mm) 0 0.5 1.0
F (R_ratio) Stencil aperture ratio (%) 90% 100% 110%
G (S_thick) Stencil thickness (mm) 0.08 0.10 0.12
H (Viscosity) Solder paste viscosity (kcps) 900 1100 1300
have been made in certain aspects, emphasis should still be placed BGA pad

others:

(1) There are contradictions that need to be clarified with con-
flicting conclusions reached, especially for determining which
influential factors are significant to the stencil printing process
[26,34,51].

(2) Most previous investigations focused on a few stencil printing
factors so may not provide practical solutions for manufactur-
ers.

(3) Investigating only one response makes it difficult to obtain
robust process parameters. It may be impractical to evaluate
the overall relationships between the factors that influence
the stencil printing process and multiple characteristic quality
empirically.

(4) The Taguchi method has frequently been applied to optimize
the stencil printing parameters. However, there is some degree
of uncertainty related to the STB, LTB, and NTB attributes involv-
ing “more or less” judgments using the Taguchi method [55].

The micro-BGA stencil printing process has multiple quality
characteristics. We therefore propose three hybrid optimization
methods to resolve the multi-response optimization problem for
the fine-pitch micro-BGA stencil printing due to a synergistic
alliance of dichotomous methods could yield optimization strate-
gies inheriting the advantages and problem-solving capabilities of
the diverse parent methods [30,31,47]. Finally, the optimization
performance of these three methods were compared through con-
formation experiments.

3. Empirical illustrations

This work uses as a case study an anonymous electronic man-
ufacturing service (EMS) provider in southern Taiwan, referred to
here as company O. The subject company fabricates many types
of data servers, wireless products (e.g., routers and Bluetooth
modules), and computer accessories. According to quality reports,
engineers have long been plagued by process variability and sol-
dering defects in the micro-BGA packages, including solder voids,
solder shorts, and head-in-pillow defects. The quality and reliabil-

Centroid
. offset

Paste brick

Fig. 4. Measuring the centroid offset of a solder paste brick for BGA.

ity of the electronic products are dependent upon reliable solder
joints and are closely related to the stencil printing results.

To comprehensively resolve the stencil printing process opti-
mization problem for micro-BGA packages, the three optimization
methods are proposed and compared, as shown in Fig. 2. Consid-
ering the economic issue, a structured data set was collected from
a fractional factorial experimental design containing eight factors
and two responses. In the first method, the experimental data were
meta-modelled through multiple regression analysis to derive two
equations for the responses. The optimal parameter combinations
were then derived using the integration of RSM and DF. Method
#2 combines the multiple quality characteristics into a single per-
formance index using a fuzzy logic system after which the Taguchi
method is used to acquire the optimal parameter settings. Method
#3 establishes an ANN model that formulates the nonlinear rela-
tionships of the stencil printing by training the experimental data
followed by the application of the GA to search for the optimal
parameter sets. The steps in the optimization process are described
in detail below.
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Table 5
L18 Orthogonal array and the responses.

129

Exp. run Control factors Responses Responses-S/N ratios (db)
A B C D E F G H Volume (y1) Centroid offset (y2) Volume (1) Centroid offset (172)

#1 1 1 1 1 1 1 1 1 487 5.99 29.2 -15.9

#2 1 1 2 2 2 2 2 2 617 6.77 30.5 -16.6

#3 1 1 3 3 3 3 3 3 917 23.43 29.0 -27.5

#4 1 2 1 1 2 2 3 3 755 5.16 26.7 —-14.7

#5 1 2 2 2 3 3 1 1 602 15.68 25.2 -24.1

#6 1 2 3 3 1 1 2 2 499 19.35 304 -25.9

#7 1 3 1 2 1 3 2 3 713 6.15 25.8 -16.5

#8 1 3 2 3 2 1 3 1 707 18.55 31.0 —-25.5

#9 1 3 3 1 3 2 1 2 433 17.49 23.6 -25.0

#10 2 1 1 3 2 2 2 1 706 14.27 30.0 -234

#11 2 1 2 1 1 3 3 2 881 6.33 26.9 -16.5

#12 2 1 3 2 2 1 1 3 487 18.17 23.7 -25.5

#13 2 2 1 2 3 1 3 2 812 11.31 30.6 -214

#14 2 2 2 3 1 2 1 3 521 14.48 25.1 —-23.4

#15 2 2 3 1 2 3 2 1 641 13.55 23.8 -22.8

#16 2 3 1 3 2 3 1 2 692 14.52 25.0 -233

#17 2 3 2 1 3 1 2 3 614 15.51 28.5 -214

#18 2 3 3 2 1 2 3 1 705 17.08 26.8 -24.8

Mean 654.9 135 273 -21.9

Table 6
Fuzzy rules for MCPL
Solder paste volume
Very_low Low Medium High Very_high

Centroid offset Very_low Tiny Very_small Small S_Medium Medium
Low Very_small Small S_Medium Medium M_Large
Medium Small S_Medium Medium M_Large Large
High S_Medium Medium M_Large Large Very_Large
Very_high Medium M_Large Large Very_Large Huge

3.1. Experimental design

The quality improvement team utilized a fishbone diagram to
identify important factors and investigate the cause-and-effect of
stencil printing for the micro-BGA package based on the categories
of man, machine, materials, methods, measurement, and work
environment (5M1E). The eight factors were selected based on the
literature review and expert knowledge, and supplemental off-line
experiments to achieve reliable solder paste bricks for the micro-
BGA packages. These factors are summarized and briefly explained
in Table 3. The factor level for each parameter is set and illustrated
in Table 4. The underlined values are the initial factor levels set for
mass production.

The desired amount of solder paste volume and centroid offset
are the two most significant characteristics to ensuring the print
quality for micro-BGA packages in the stencil printing process [40].
To assess the performance of the stencil printing process, an auto-
mated 3D solder paste inspection (SPI) machine is usually installed
to precisely monitor and measure solder paste volume and paste-
to-pad alignments. The multiple quality characteristics of a BGA
package stencil printing process including solder paste volume and
centroid offset are measured and depicted in Fig. 3.

The specifications of the two responses (i.e., solder paste volume
and centroid offset rate) were defined in conformity with expert
knowledge and the industry standards [17], listed as follows:

Solder paste volume for a micro-BGA package (16 x 16, 0.5-mm
lead pitch): The specification is 600 mil? with a tolerance +/—100
mil3. It has the attribute of NTB.

Centroid offset: The centroid offset is calculated by measuring
the distance between the center of the solder paste print and its

associated BGA pad using Eq. (6) as shown in Fig. 4. The offset has
the attribute of LTB.

Centroidoffset = v/ X2 + Y2

The OA used in the experiment is illustrated on the left part of
Table 5. Each experimental run was randomly conducted with five
replications. The MPM UP 3000 stencil printer and laser-cut stain-
less stencils were utilized in the experiment. The paste deposit
volume was measured using an automated 3D SPI machine. The vol-
ume and centroid offset of the micro-BGA package was measured
by averaging 5 bricks deposited at the four corners and the center
of the pads. The S/N ratios of these two responses are summarized
on the right part of Table 5. The main effects of the S/N ratios for
the responses are shown in Fig. 5, which are used in the Taguchi
method to determine the optimal parameter settings individually.

The optimal factor level for solder paste volume is set to be
A1B1C;D3E3F;G3H;, whereas the optimal setting for centroid offset
is A1B1C1D1E{F,G,H,. Apparently, incompatibility exists between
the two factor level combinations. That is, the Taguchi method
cannot synchronously optimize the stencil printing process with
multiple quality characteristics without determining the weights
of responses based on the judgment of experts.

(6)

3.2. Process parameter optimization using RSM and desirability
function

The quadratic regression models for paste volume and centroid
offset are constructed and illustrated in Eqs. (7) and (8), respec-
tively. The ANOVA results show the p-values for volume and offset
centroid are 0.043 and 0.0028, respectively. The two p-values are
less than 0.05 implying both the two models are significant [29].
Additionally, the R-squared and adjusted R-squared values for these
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Response table for solder paste volume 30

A B C D E F G H 29

Level 1 |27.95|28.22 (27.88 (2645 |27.37 |28.91 [25.28 |27.69 g 3

Level 2 |26.70 [26.96 |27.86 |27.10 [26.79 |27.10 [28.18 |27.82 % 27

Level 3 26.79 |26.23 |28.42 (27.81 |25.96 |28.50 |26.46 %

Effect | 1.24 | 143 [ 165|197 [1.02 | 295 [3.22 | 136 »
Rank | 7 5 4 | 3 8 2 1 6 | (a)

Response table for solder paste centroid offset -18

A|lB|Cc|D|E|F|G|H et

Level1 |-21.3 |-20.9 |-19.2 (-194 |-20.5 | -22. 228 |-22.7 9;2;

Level2 |-22.5 |-22.0 |[-21.2 [-21.5 |-214 |-213 |-21.1 |-214 % -23

Level 3 -22.7 |-25.2 |-24.8 |-23.8 | -21.8 |-21.7 |-215 Z;

Effect | 121 | 1.86 | 6.07 | 544 (331 | 130 [ 1.74 | 129 2
Rak | 8 | 4 1| 2| 3 6 | s | 7 | (b)

Main effects for S/N ratios - Solder paste volume
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Main effects for S/N ratios - Centroid offset
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Fig. 5. Response tables and plots of main effects for (a) solder paste volume and (b) centroid offset.

two models are larger than 0.90 indicating they demonstrate good
interpolation capability in the process modeling.

xC —0.7353 x D+2.7940 x E 4+ 60.6119 x F + 111.0139

x G —6.4498 x H — 20.7160 x AC — 7.4460 x AF

Volume = 618.7685 + 23.1667 x A+ 10.4722 x B+ 1.2515 —13.1667 x FH — 15.8194 x C? 7)
Table 7
Summary of the MCPIs for each experiment run.
Exp. run S/N- Volume S/N- Offset MCPI-1 MBF: Triangular MCPI-2 MBF: Trapezoidal MCPI-3 MBF: Gaussian Rank
#1 29.25 -15.86 0.8572 0.8611 0.8638 2
#2 30.52 -16.63 0.9001 0.9025 0.9001 1
#3 29.05 -27.48 0.4410 0.4302 0.4325 10
#4 26.68 -14.68 0.6507 0.6517 0.6512 5
#5 25.18 —24.07 0.1744 0.1729 0.1462 16
#6 30.42 —25.90 0.5000 0.5007 0.5001 8
#7 25.81 -16.49 0.5807 0.5846 0.5947 6
#8 31.03 —-25.48 0.5000 0.5007 0.5001 8
#9 23.56 —24.98 0.0999 0.0796 0.1001 17
#10 29.98 -23.36 0.5650 0.5749 0.5774 7
#11 26.86 -16.45 0.6651 0.6721 0.6777 3
#12 23.66 —25.50 0.0999 0.0796 0.1001 17
#13 30.57 -21.39 0.6637 0.6663 0.6755 4
#14 25.05 —23.37 0.1886 0.1846 0.1841 14
#15 23.84 —22.84 0.1910 0.1851 0.1991 13
#16 24.99 —-23.31 0.1864 0.1821 0.1849 15
#17 26.66 -21.44 04114 0.5675 0.5712 11
#18 26.83 —24.78 0.2627 0.2610 0.2738 12
Table 8
ANOVA results for the MCPI.
Source Sum of Squares df Mean Square F-value p-value Contributions (%)
Model 0.931531 8 0.116441 6.3292549 0.006078 -
A 0.120083 1 0.120083 6.5271769 0.030948 12.89%
B 0.184314 1 0.184314 10.0184967 0.011454 19.79%
C 0.303754 1 0.303754 16.5107445 0.002828 32.61%
D 0.020361 1 0.020361 1.10673852 0.320217 2.19%
E 0.040705 1 0.040705 2.21255404 0.171065 4.37%
F 0.052483 1 0.052483 2.8527724 0.125483 5.63%
G 0.207192 1 0.207192 11.262039 0.008444 22.24%
H 0.00264 1 0.00264 0.14351715 0.713592 0.28%
Residual 0.165576 9 0.018397
Total 1.097107 17
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Fig. 7. Surface contour for the proposed fuzzy logic system.

where n stands for is the number of responses in the measure.
For targeting the goal, the desirability is defined as follows:

Offset = 12.6283 + 2.605 x B+ 4.3058 x C +2.7658

d; =0,y; < Low;
xD+1.6542 x E —0.185 x H+2.82 x CH + 1.3733 x H2  (8) ‘
4 {ﬂ]w Low; <y, <T,
"7 |High; —Low; | ~ yi=Hh
To resolve the multi-response problem, a numerical model can
be used to find optimal points through maximizing the DF [32]. The di=3di=1y=T ’ (10)
DF ranges from O to 1 at the goal. All the importance weights of the High; — y; we; )
goals can be adjusted and combined into one overall desirability i= {m] , Ti <yi < High;
function D(X) [13], as in Eq. (9) below
di =0, y; > High
1 i !
D=(dy xdyx---xdp)" = (Hdi> ’ (9) where wt denotes the importance weight of a goal.
i=1

For the goal of minimum, the desirability is defined as follows:
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d; =0, y; > High

One can change the shape of the desirability of each goal by
adjusting its weight to emphasize the upper bounds, the lower
bounds, or the target. In this study, the DFs of the solder paste vol-
ume and the centroid offset rate are defined by Eqs. (12) and (13),
respectively. The weight for the lower bound of the solder paste vol-
ume is more important than that of the upper bound since a lower
amount of solder paste volume can result in voids or incomplete
solder joints leading to a more expensive quality recovery cost.

0, Yvolume < 500

_ 10
(M) , 500 < Vyorume < 600

200
dvolume = 700 5 (12)
(W) ,600 < Yyolume < 700
0, Yvolume > 700
1, Yoftset = 0
20% — y; N .
doffset = (TAI) , 0 < Yoffset < 20% (13)

0, Yoffset > 20%

Design-Expert® (V9.0) [14] is used to optimize the multi-
response optimization problem. The input factors are set in the
ranges of the factor levels, while targeting the solder paste volume
(600 mil®) and minimizing the centroid offset rate. The optimiza-
tion criteria for the two responses are graphically depicted in the
left part of Fig. 6. The surface contour is demonstrated in the right
part of Fig. 6. The highest desirability achieved is 0.985. There-
fore, the optimum parameter combination is: A (stencil separation
speed: 2.3 mm/s), B (wiping frequency: 1 time/cycle), C (squeegee
pressure: 5kg), D (squeegee speed: 21 mm/s), E (snap-off distance:
0mm), F (stencil are ratio: 105%), G (stencil thickness: 0.09 mm),

A B C D E F G H
Level 1 [ 0.523 | 0.588 | 0.584 | 0.479 |0.509 | 0.505 [ 0.268 |0.425
Level 2 [ 0.359 | 0.395 | 0.473 | 0447 |0.421 | 0.445 | 0525 |0.503
Level 3 0.340 | 0.266 [ 0.397 [0.393 [ 0.373 | 0.531 | 0.395
Effect | 0.163 | 0.248 [ 0.318 | 0.082 | 0.116 | 0.132 | 0.263 [ 0.107
Rank 4 3 1 8 6 5 2 7
Main effects for MCPI
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Fig. 9. Response table and main effects for the MCPI.

and H (paste viscosity: 1170 kcps). The optimal parameter settings
are summarized in the second column of Table 9.

3.3. Process parameter optimization using Fuzzy logic and the
Taguchi method

The S/N ratios for the volume and centroid offset are transferred
into a multiple characteristics performance index (MCPI) using the
proposed fuzzy logic system, followed by using Taguchi method
to derive the optimal parameter combination. The Mamdani-type
fuzzy logic system is employed to deal with real-valued inputs and
outputs of the stencil printing process. The triangular, trapezoidal,
and Gaussian types of membership functions (MBFs) were evalu-
ated in this study. The MBFs of the two inputs are defined by five
terms, whereas the MCPI is set to ten terms to obtain a more pre-
cise result. A number of fuzzy rules (5 x 5=25) are generated and
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Table 9
Optimal parameter settings derived from the three methods.

Methods Parameters RSM-DF (solution #1)

Taguchi-Fuzzy logic (solution #2) ANN-GA (solution #3)

Separation speed 2.30 1.00 1.00
Wiping frequency 1.00 1.00 2.00
Squeegee pressure 5.00 5.00 5.40
Squeegee speed 21.00 20.00 20.00
Snap-off height 0.00 0.00 0.00
Aperture ratio 105.00 90.00 90.00
Stencil thickness 0.09 0.12 0.10
Solder paste viscosity 1170 1100 1260
Table 10

Results of confirmation experiments.

Methods KPI  Initial condition (mass production) Optimum parameter settings
RSM-DF Fuzzy-Taguchi ANN-GA
Confirmation Improvement PIR (%) Confirmation Improvement PIR (%) Confirmation Improvement PIR (%)
Volume 27.16dB 30.62dB 12.74% 33.48dB 23.27% 31.58dB 16.27%
Centroid —23.37dB —19.36dB 17.15% —-16.95dB 27.47% —19.74dB 15.53%
Volume-Cpk  0.78 1.15 - 1.57 - 1.30 -
Centroid-Cpk  1.09 1.60 - 2.38 - 1.21 -

summarized in Table 6 [49], which are used to transform multi-
ple quality characteristics into a performance index (i.e., the MCPI).
The COA defuzzification method (illustrated in Eq. (4)) is used to
derive a crisp value for each experimental run. The contour and the
mechanisms of the fuzzy logics system using the triangular MBFs
are depicted in Fig. 7 and Fig. 8. Taking experimental run #1 as
an example, the S/N input for volume is 29.25 and centroid offset is
—15.86; the crisp MCPI 0.8572 is acquired after COA defuzzification.

The resulting MCPIs for all the experimental runs are summa-
rized in Table 7. The ranks of MCPIs transformed by the three fuzzy
logic systems using different fuzzy MBFs are identical. Experimen-
tal run #2 has the highest MCPI value and perceivably is the best
factor level combination. The response table and main effects of
the MCPIs are shown in Fig. 9. The optimum parameter setting
A1B1C;1D1E{F1G3H; is achieved by: A (stencil separation speed:
1.0 mm/sec), B (wiping frequency: 1 time/cycle), C (squeegee pres-
sure: 5kg), D (squeegee speed: 20 mm/sec), E (snap-off distance:
0mm), F (stencil ratio: 90%), G (stencil thickness: 0.12 mm), and
H (paste viscosity: 1100 kcps). The optimal parameter settings are
summarized in the second column of Table 7. The response table
and main effects of the MCPIs are shown in Fig. 9. The ANOVA for
the MCPI is illustrated in Table 8.

The model is significant with a p-value is less than 0.05. Addi-
tionally, an adjusted R-squared value of 84.91 implying the model
can reliably be used to interpolate [29]. The model is significant
with A (separation speed), B (wiping frequency), C (squeegee pres-
sure), and G (stencil thickness) are the significant model terms.
The contribution of each factor is indicated in the last column of
Table 8: the squeegee pressure (32.61%) is considered the most sig-
nificant contributor, followed by stencil thickness (22.24%), wiping
frequency (19.79%), and separation speed (12.89%).

3.4. Process parameter optimization using ANN and GA methods

In this hybrid optimization method, the BPN is utilized to non-
linearly formulate the relationship between process inputs and
outputs, while the trained BPN model acts as the fitness function
which is evaluated by a GA searching process to derive the opti-
mal parameter settings using the NeuralPower® (2003) software
package. Firstly, the experimental data are normalized into a range
from O to 1 prior to development of the BPN model. There are no
universally accepted rules of thumb to design a BPN topology which
depends on the tradeoff between mapping accuracy and computa-

tional complexity. The design of the BPN model is two-fold. First, the
default BPN modeling parameters of NeuralPower® (the learning
rate is 0.8 and momentum is 0.8) are used, and 1 hidden layer and 1
output layer with the Sigmoid transfer function were designated to
train the experimental data with a limit of 10,000 iterations. The 18
sets of experimental data are randomly assigned into a training data
set (80%, 14 sets) and a testing group (20%, 4 sets). The modeling
errors are measured using the root-mean-square-error (RMSE). An
ANN topology “8-11-2" with the lowest RMSE is derived through
trial-and-error examinations. The resulting ANN topology with 8
input neurons, 11 neurons for the hidden layer, and 2 neurons for
the output layer is achieved with the lowest RMSE (0.0023) after
the pilot runs.

In the second phase, the learning rate and momentum are evalu-
ated and optimized based on the predetermined “8-11-2" network
topology. The resulting parameters are the learning rate (set at 0.3)
and momentum (set at 0.5) from which the lowest RMSE (0.0009)
and a shorter elapsed time in convergence are gained. Again, the
model is verified using a non-repeating 20% of the test samples
for 5 runs. The mapping accuracy is evaluated through the aver-
age RMSE and the correlation coefficient (R) as defined in Eq. (14).
The closer the correlation coefficient approaches to 1, the higher
the correlation between process inputs and responses. The verifi-
cation results exhibit an average R that is close to 1 and an average
RMSE that is close to O for both responses (i.e., volume and centroid
offset) indicating the achievement of high modeling accuracy. The
response surface plots for both responses are depicted in Fig. 10.

> Q- Q)ai- )
R= ! , (14)

> @i - @)(gi - 3

i=1

n n

where Q = %ZQ‘ g= %Zqi; Q; is the ith training sample data;
i=1 i=1

and q; denotes the predictions.

The established BPN model then acts as the objective function
in the GA search process for finding the optimum parameter sets,
as illustrated in Fig. 11. The desired volume is set at 600 mil® and
minimizing the centroid offset rate is expected. A vector of floating
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numbers with the lower and upper bounds of the inputs is rep-
resented by a chromosome. The tournament selection strategy is
utilized to search for the best fitness of crossover operation based
on preliminary tests and the uniform crossover with the real-value
coding are used. The initial population size is set to be 80 to ensure
the efficiency of the searching process and prevent premature con-
vergence. Each chromosome is evaluated by the fitness function
using the trained BPN model. The results are evaluated for the entire
population and to obtain the ranked fitness values.

According to the pseudo codes listed in section 2, the GA param-
eters (the crossover rate (P;) and the mutation rate (Py,)) are tuned
using a preliminary 23 experiment design with three replications.
Each GA parameter is set at three levels. The level settings of
crossover probability are 0.3, 0.5, and 0.7, whereas the three levels
of mutation probability are 0, 0.2, and 0.4. As a result, the optimal
GA parameter setting (P.=0.5, P, =0.4) is acquired based on the
least sum of absolute error. Therefore, P is set to 0.5, P, is set to
0.4 and the tournament selection strategy is utilized in the GA evo-
lutionary process. Finally, the optimum stencil printing parameter
settings for the BGA packages are obtained as illustrated in the last
column of Table 9.

3.5. Confirmation experiments and the comparison of
optimization performance

Confirmation experiments were conducted to verify the degree
of improvement for the micro-BGA stencil printing quality and
offer empirical assurance of the optimization performance of the
three methods. The optimal parameter settings derived by the three
methods are summarized in Table 9 with each optimal parameter
set replicated six times in the experiments. The S/N ratios and Cpk
are the indicators used to evaluate the optimization performance. A
performance improvement rate (PIR) is defined in Eq. (15) for com-
parison with the initial condition of mass production. The results of
performance comparison are summarized in Table 10. Obviously,
the proposed Taguchi-fuzzy logic method outperforms the other
two methods, in terms of both the S/N ratios and Cpk.

[ConfirmedS/Nratio — InitialconditionS/Nratio]

PIR(%) = IntitalconditionS/Nratio

x 100(15)

The results of the confirmation experiments demonstrate that:
(1) the merger of the Taguchi method and fuzzy logic system
improves the S/N ratios for deposited volume and centroid offset
by 23.27% and 27.47%, respectively, compared to the initial settings
used in mass production; (2) the fuzzy logic-based Taguchi method
is better than the other two methods for resolving the multi-
response problem; and (3) all three methods provide satisfactory
optimization performance compared to the initial conditions for
mass production.

4. Results and concluding remarks

Stencil printing is the most important process in SMA but
exhibits complex behaviors which can increase soldering defects
which can lead to significant loss of quality and production time.
In particular, soldering defects have become more prevalent and
are difficult to detect for BGA packages in the process of lead-
free assembly and can require costly quality recovery efforts. One
approach to increasing first pass yield and reducing manufactur-
ing costs is to optimize the process of solder paste printing and its
multiple quality characteristics before the failures are detected in
the downstream manufacturing steps.

To solve the parameter optimization problem for the fine-pitch
micro-BGA stencil printing with multiple quality characteristics,
a fuzzy logic-based Taguchi method is proposed. The method is
used to derive robust parameter settings which are then compared

with those obtained with two other hybrid methods. The evaluation
results show the fuzzy logic-based Taguchi methodology can prac-
tically optimize the process. With the proposed fuzzy logic-based
Taguchi method: (1) minimal experimental data can be applied to
formulate the nonlinear relationships of process inputs and out-
puts without considering the overfitting problem; (2) the proposed
method is capable of synthesizing the multi-objectives into a sin-
gle performance index for solving a multi-response optimization
problem simultaneously; (3) the proposed method relieves the dif-
ficulties of determining the importance weight of each response
and the uncertainty involved in the decision-making process; and
(4) the proposed systematic analysis tools are easily implemented
in related mixture optimization problems. To further advance the
optimization performance, different optimization methods (e.g.,
Monte Carlo simulation, ant colony optimization, and nonlinear
mathematical programming) can be applied in future.
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