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ABSTRACT Taiwan is a world-leader in wafer foundry services and IC packaging and testing. Wire bonding
is a crucial process in the overall IC-packaging industry chain. Thus, this paper proposes a process-quality
evaluation model for wire bonding with multiple gold wires. We chose process quality indices as a tool of
evaluation fully mirroring process yield and quality levels. These indices contain unknown parameters and
thus require sample data to estimate. We first derived the uniformly minimum variance unbiased estimator
of the indices and calculated the upper confidence limits of the indices based on DeMorgan’s theorem and
Boole’s inequality. The upper confidence limits of the indices were then employed to create a confidence
interval-based fuzzy membership function, in order to improve the accuracy of estimation as well as solve
the problem of uncertainty of the measured data. Next, we obtained the fuzzy critical value and used index
estimates and the fuzzy critical value to establish fuzzy test rules. Next, we marked the fuzzy critical value on
the axes of a radar chart, which is a visualization evaluation tool, and connected neighboring critical points to
create a critical region in the form of a regular polygon. The observed values of the indices were then marked
on the axes to produce a visualized fuzzy radar evaluation chart. This fuzzy radar evaluation chart has a solid
foundation in statistical inference, and evaluation rules were established using precise fuzzy test methods.
Not only is this fuzzy radar evaluation chart easy to use, but it also reduces the chance of misinterpretations
made by sampling errors, so that the accuracy of evaluation can be enhanced.

INDEX TERMS Process quality index, fuzzy critical value, critical region, wire bonding, radar chart.

I. INTRODUCTION
Taiwan’s wafer foundry output accounts for approximately
70% of the global market, and its IC packaging out-
put occupies roughly 50% of the global market, marking
Taiwan out as a world-leader in the industry. Chen et al. [1],
Tseng et al. [2], and Tunn et al. [3] suggested that the
cluster effect of Taiwan’s electronics industry has resulted in
an industrial eco-chain for information-and-communication
technology (ICT), which dominates the electronics indus-
try worldwide. In addition, Taiwan has a complete indus-
try chain from IC design, foundry services, and packaging
and testing all the way to production and assembly [4]. IC
packaging includes wafer dicing, die bonding, wire bonding,
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FIGURE 1. IC packaging flow chart.

encapsulation, packing, singulation and lead forming, mark-
ing, and lead finishing, as shown in Figure 1. In this study,
we focus on wire bonding, which involves welding gold
wires onto the inner leads of chips and lead frames. These
wires are vital media for electrical connections and signal
transmissions between the internal and external circuits of
ICs [5], [6].

We therefore propose a fuzzy process-quality evaluation
model for wire bonding in IC packaging. Fuzzy evaluation
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models not only assess process quality but also identify which
critical-to-quality (CTQ) characteristics require improve-
ment [7]–[10].

Process capability indices (PCIs) are tools for process-
quality evaluation commonly applied in the industry. They
can help manufacturers evaluate the process quality of their
production processes and serve as an effective and con-
venient means of communication between internal engi-
neers [11]–[13]. Six Sigma, developed in 1986 by Motorola,
is widely applied to enhance product quality levels in the
manufacturing industry [5], [14]–[16]. Several studies have
investigated the correlations between PCIs and Six Sigma
quality levels [9], [10], [17]. The wire-bonding process
has two significant quality characteristics, both of which
are the larger-the-better (LTB) type. Based on the work of
Chang et al. [18], this study proposes the following process-
quality index suitable for assessing LTB quality charac-
teristics. According to Aslam [19], there is a one-to-one
mathematical relationship between this index and process
yield presenting Six Sigma quality levels.

Obviously, process quality index can completely reflect
the process yield and quality level. Therefore, the proposed
index is employed to evaluate the quality of the wire-bonding
process for IC packaging. This process-quality index involves
unidentified parameters, so sample data is needed for esti-
mation [20]–[22]. Many researchers have created fuzzy eval-
uation models [15]–[23] using the confidence intervals of
indices, attempting to improve the accuracy of estimation
and overcome uncertainty in the measured data. We first
derived the upper confidence limit of the proposed index
and employed the method used by Buckley [26] and Chen
and Chang [27] to create a confidence-interval-based fuzzy
membership function. Then, we obtained the fuzzy critical
value and used index estimates and the fuzzy critical value
to establish fuzzy test rules. Finally, an easy-to-use visual-
ized radar chart serves as the evaluation interface. The radar
chart is a visualization tool widely used in fields such as
engineering, management, and education [28]–[31]. Not only
is this fuzzy radar evaluation chart easy to use, but it also
diminishes the chance of misinterpretation due to sampling
errors, thereby increasing the accuracy of evaluation.

The rest of this paper is arranged as follows. Section 2
demonstrates the estimations of process-quality indices and
finds a uniformly minimum variance unbiased estimator
(UMVUE) of index PQIL and its 100 (1− α)% upper con-
fidence limits. Section 3 applies these upper confidence lim-
its to derive the fuzzy critical value. Next, index estimates
and the fuzzy critical value are used to establish fuzzy test
rules. Based on these rules, Section 4 constructs an easy-
to-use visualized radar evaluation chart to serve as an eval-
uation interface and an evaluation procedure is established.
Section 5 presents our conclusions.

II. ESTIMATIONS OF PROCESS-QUALITY INDICES
As previously mentioned, IC and ceramic packages generally
have several gold wires, as shown in Figure 2.

FIGURE 2. Structure of IC package.

In an attempt to prevent loss of generality, we assume that
an IC packaging process involves l gold wires, each of which
has two LTB quality characteristics: will pull strength (h =
1) and ball shear strength (h = 2). Let random variable Xjh
denote the process distributions of quality characteristic h for
gold wire j. Then Xjh is distributed normally with mean µjh
and standard deviation σjh, where h = 1, 2 and j = 1, . . . , l.
The process quality indices can be defined as follows:

PQILjh =
µjh − LSLjh

σjh
(1)

where LSLjh stands for the lower specification limit. Based
on Chang et al. [18], we know that µjh − kσjh = LSLjh
indicates that the process quality attains the k − sigma level,
and therefore,

PQILjh =
µjh − LSLjh

σjh
=
kσjh
σjh
= k. (2)

Clearly, when PQILjh equals k , the process quality exceeds
the k − sigma level. Furthermore, there is a one-to-one
mathematical relationship between index PQILjh and process
yield p:

pjh = p
(
Xjh ≥ LSLjh

)
= p

(
Z <

µjh − LSLjh
σjh

)
= 8

(
PQILjh

)
(3)

where Z =
(
Xjh − µjh

)/
σjh follows standard normal distri-

bution and 8(z) is the cumulative distribution function for
standard normal distribution.

Based on Chang et al. [18], we let
(
Xjh1, · · · ,Xjhi, · · · ,

Xjhn
)
be a random sample of Xjh with sample size n. The

estimators of µjh and σjh are expressed as follows:

X̄jh =
1
n
×

n∑
i=1

Xjhi (4)

and

Sjh =

√√√√ 1
n− 1

×

n∑
i=1

(
Xjhi − X̄jh

)2 (5)
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Therefore, the estimators of the process-quality indices are
as follows:

PQIL∗jh = bn ×

(
X̄jh − LSLjh

Sjh

)
(6)

where bn is the correction factor expressed as follows:

bn =
0
(
(n− 1)

/
2
)

0
(
(n− 2)

/
2
)√2

n
, n > 2. (7)

Obviously, if n approaches infinity, then bn = 1.
Under the assumption of normality, X̄jh − LSLjh is dis-

tributed as N
(
µjh − LSLjh, σ 2

jh

/
n
)
and S−1jh is distributed as(

n
/
σjh
)
K−1/2, where K is distributed as χ2

n−1. Obviously,
the expected value of X̄jh − LSLjh is µjh − LSLjh and the
expected value of S−1jh can be expressed as follows:

E
[
S−1jh

]
=
(√

n
/
σjh
)
E
[
K−1/2

]
=

√
n

σjh
×

∞∫
0

1

0
(
(n− 1)

/
2
)
2(n−1)/2

k(n−1)/2−1exp
{
k
2

}
dk

=
0
(
(n− 2)

/
2
)

0
(
(n− 1)

/
2
)√n

2
× σ−1jh = b−1n × σ

−1
jh (8)

Since X̄jh and S2jh are mutually independent, the expected
value of PQIL∗jh can be expressed as follows:

E
(
PQIL∗jh

)
= bn × E

[
X̄jh − LSLjh

]
× E

[
S−1jh

]
=
µjh − LSLjh

σjh
= PQILjh. (9)

Therefore, the unbiased estimatorPQIL∗jh is only a function

of
(
X̄jh, S2jh

)
. Therefore, PQIL∗jh is the UMVUE ofPQIL∗jh.

Obviously, the distribution of b−1n ×
√
n × PQIL∗jh is a

non-central t-distribution with n− 1 degrees of freedom and
the non-centrality parameter δ is

√
n × PQIL∗jh, denoted as

t ′n−1 (δ).

As mentioned before, K = (n− 1) S2jh
/
σ 2
jh is distributed

as χ2
n−1. Let the random variable Z be as follows:

Z =
√
n

[
PQIL∗jh × b

−1
n ×

(
S∗jh
σjh

)
− PQILjh

]
. (10)

Then random variable Z follows standard normal distribu-
tion. Therefore,

1−
α

2
= p

{
Z ≥ −Zα/2

}
= p

{
√
n

[
PQIL∗jh × b

−1
n ×

(
S∗jh
σjh

)
− PQILjh

]
≥ −Zα/2

}

= p

{
PQILjh ≤

X̄jh − LSLjh
σjh

+
Zα/2
√
n

}
(11)

and

1−
α

2
= p

{
K ≤ χ2

1−α/2;n−1

}
= p

{
(n− 1) S2jh

σ 2
jh

≤ χ2
1−α/2;n−1

}

= p

{
σjh ≥

√
n− 1

χ2
1−α/2;n−1

× Sjh

}
(12)

where Zα/2 is the upper α
/
2 quantile of N (0, 1) and

χ2
1−α/2;n−1 is the lower 1−

(
α
/
2
)
quantile of χ2

n−1. Further-
more, let event Ejh1 and event Ejh2 be as follows:

Ejh1 =

{
PQILjh ≤

X̄jh − LSLjh
σjh

+
Zα/2
√
n

}
and

Ejh2 =

{
σjh ≥

√
n− 1

χ2
1−α/2;n−1

× Sjh

}
.

Then the complement of event Ejh1 and event Ejh2 can be
shown as follows:

Ecjh1 =

{
PQILjh >

X̄jh − LSLjh
σjh

−
Zα/2
√
n

}
and

Ecjh2 =

{
σjh <

√
n− 1

χ2
1−α/2;n−1

× Sjh

}
.

Based on DeMorgan’s rule and Boole’s inequality,

p
(
Ejh1 ∩ Ejh2

)
≥ 1− p

(
p
(
Ecjh1

))
− p

(
Ecjh2

)
= 1− α.

(13)

Thus,

p

{
PQILjh≤

X̄jh−LSLjh
σjh

+
Zα/2
√
n
, σjh≥

√
n−1

χ2
1−α/2;n−1

×Sjh

}
≥ 1− α. (14)

Equivalently,

p

PQILjh ≤ PQIL∗jh ×
√
χ2
1−α/2;n−1

n− 1
× b−1n +

Zα/2
√
n


≥ 1− α. (15)

Suppose the observed values of
(
Xjh1, · · · ,Xjhi, · · · ,Xjhn

)
are

(
xjh1, · · · , xjhi, · · · , xjhn

)
. Then, x̄jh and sjh are respec-

tively the observed values of x̄jh and sjh as shown below:

x̄jh =
1
n
×

n∑
i=1

xjhi (16)

and

sjh =

√√√√ 1
n− 1

×

n∑
i=1

(
xjhi − x̄jh

)2
. (17)
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Thus, the observed value of upper confidence limit for
index PQILjh is

UPQILjh0 = PQIL∗∗jh0 ×

√
χ2
1−α/2;n−1

n− 1
+
Zα/2
√
n

(18)

where PQIL∗∗jh0 is the observed value of PQIL∗jh × b−1n as
displayed below.

PQIL∗∗jh0 =
x̄jh − LSLjh

sjh
. (19)

III. FUZZY HYPOTHESIS TESTING
Statistical hypothesis testing is an effective method by
which to determine if the process-quality level is legitimate.
As stated above, when PQILjh = k , this indicates that the
process quality has reached the k − sigma level. Hypothesis
testing at the significance level α is expressed as follows:{

H0 : PQILjh ≥ k(meets the requirement)
Ha : PQILjh < k(does not meet the requirement)

(20)

As mentioned before, the null hypothesis H0 is PQILjh ≥
k and the alternative hypothesis Ha is PQILjh < k .
If UPQILjh0 ≥ k then we have PQIL∗∗jh0 ≥ kS where

kS =
(
k −

Zα/2
√
n

)/√
χ2
1−α/2;n−1

n− 1
.

Therefore, the statistical hypothesis testing rules are as
follows:
(1) If PQIL∗∗jh0 ≥ kS , then do not reject H0 and conclude

that process quality meets requirement.
(2) If PQIL∗∗jh0 < kS , then reject H0 and conclude that

process quality does not meet requirement.
Using the abovementioned rules and the methodology pro-

posed by Chen [20], we developed a fuzzy testing method
based on the observed value of the upper confidence limit for
index PQILjh. As described by Chen [20], the α-cuts of the
triangular fuzzy number PQIL

∗∗

jh0 are as follows:

PQIL
∗∗

jh0 [α] =



[
PQIL∗∗jh0 (1) ,PQIL

∗∗

jh0 (α)
]
,

for 0.01 ≤ α ≤ 1[
PQIL∗∗jh0 (1) ,PQIL

∗∗

jh0 (0.01)
]
,

for 0 ≤ α ≤ 0.01

(21)

where

PQIL∗∗jh0 (1) = PQIL∗∗jh0 ×

√
χ2
0.5;n−1

n− 1
, (22)

PQIL∗∗jh0 (α) = PQIL∗∗jh0 ×

√
χ2
1−α/2;n−1

n− 1
+
Zα/2
√
n
. (23)

The half-triangular fuzzy number of PQILjh is PQIL
∗∗

jh0 =

1
(
PQjhM ,PQjhR

)
, where

PQjhM = PQIL
∗∗

jh0 (1) = PQIL∗∗jh0 ×

√
χ2
0.5;n−1

n− 1
,

FIGURE 3. Membership function ηjh (x) with vertical line x = k .

PQjhR = PQIL
∗∗

jh0 (0.01) (24)

= PQIL∗∗jh0 ×

√
χ2
0.995;n−1

n− 1
+
Z0.005
√
n
. (25)

Therefore, the membership function of the fuzzy number
PQIL

∗∗

jh0 is

ηjh (x) =


0 if x < PQjhM
1 if x = PQjhM
α if PQjhM < x < PQjhR
0 if x ≥ PQjhM

(26)

where α is determined by PQIL∗∗jh0 (α) = x. Figure 3 exhibits
membership function ηjh (x) with vertical line x = k .

Based on Chen et al. [23] and Chen [20], we let set ATjh
be the area of ηjh (x) and set ARjh be the area of ηjh (x) to the
right of the vertical line x = k . Then,

ATjh =
{
(x, α)|PQjhM ≤ x ≤ PQIL∗∗jh0 (α) , 0 ≤ α ≤ 1

}
(27)

and

ARjh =
{
(x, α)| k ≤ x ≤ PQIL∗∗jh0 (α) , 0 ≤ α ≤ 1

}
. (28)

Thus,

dRjh = PQjhR − k = PQIL∗∗jh0 ×

√
χ2
0.995;n−1

n− 1
+
Z0.005
√
n
− k

(29)
and

dTjh = PQjhR − PQjhM

= PQIL∗∗jh0 ×

√χ2
0.995;n−1

n− 1
−

√
χ2
0.5;n−1

n− 1

+ Z0.005
√
n
.

(30)
Based on Chen et al. [32],

dRjh
2dTjh

=

PQIL∗∗jh0 ×

√
χ2
0.995;n−1
n−1 +

Z0.005√
n − k

2PQIL∗∗jh0 ×

(√
χ2
0.995;n−1
n−1 −

√
χ2
0.5;n−1
n−1

)
+

2Z0.005√
n

.

(31)
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FIGURE 4. Relationship between critical values and sample size.

Obviously, when PQjhM = k , dRjh
/
2dTjh = 1

/
2. On the

basis of the approach adopted by Chen et al. [23] and Buck-
ley [26], we let 0 < φ ≤ 0.5 and let the decision value dvjh
of quality characteristic h of gold wire j satisfy the following
equation:

PQjhR − dvjh
2dTjh

= φ. (32)

Then decision value dvjh = PQjhR − 2φdTjh can be shown
as follows:

dvjh=PQIL∗∗jh0×

(1− 2φ)

√
χ2
0.995;n−1

n− 1
+2φ

√
χ2
0.5;n−1

n− 1


+ (1− 2φ)

Z0.005
√
n
. (33)

Based on Chen et al. [23], the decision rule for fuzzy
testing is
(1) If k ≥ dvjh is equivalent to dRjh

/
2dTjh ≤ φ, then reject

H0 and conclude that PQILjh < k .
(2) If k < dvjh is equivalent to dRjh

/
2dTjh > φ, then do

not reject H0 and conclude that PQILjh ≥ k .
According to Eq. (32), k ≥ dvjh is equivalent to PQIL∗∗jh0 ≤

kF where

kF =
k − (1− 2φ) Z0.005√n(

(1− 2φ)

√
χ2
0.995;n−1
n−1 + 2φ

√
χ2
0.5;n−1
n−1

) . (34)

We set kF as a fuzzy critical value. Figure 4 displays the
relationship between sample size n and the critical values.
kS < kF < k can be distinguished clearly in Figure 4.

Obviously, under the situation of the same sample size, kF
will be closer to k value than kS . Therefore, fuzzy testing is
more precise than statistical testing. Besides, whether kFor kS
is a function of sample size n, and lim

n→∞
kS = lim

n→∞
kF = k .

Then, the decision rules for the fuzzy testing are as follows:
(1) If PQIL∗∗jh0 ≥ kF , then do not reject H0 and conclude

that PQIL∗∗jh0 ≥ k .

(2) If PQIL∗∗jh0 < kF , then reject H0 and conclude that
PQIL∗∗jh0 < k .

IV. EVALUATION PROCESS USING FUZZY RADAR
EVALUATION MODEL
As stated above, in order to determine whether the process
quality reaches the 5-sigma level, hypothesis testing at sig-
nificance level.005 is as follows:{

H0 : PQILjh ≥ 5(meets the requirement)
Ha : PQILjh < 5(does not meet the requirement)

The fuzzy critical value kF calculated using Eq. (34) is then
marked on the axes and connected to form a polygon radar
evaluation chart. Using Eq. (19), 2 × l index values are then
derived andmarked on the 2×l axes to form a visualized eval-
uation chart. The example employed in this study involved an
IC package with 6 gold wires (l = 6), which means that it has
12 quality characteristics. Table 1 displays the relevant data.

TABLE 1. Quality characteristics for wire bonding with six wires.

Next, we explain this example using numerical methods to
show how to apply the theory proposed in this study. Suppose
that a company takes 36 random samples for testing. As the IC
package has 6 gold wires (l = 6), and each gold wire has two
quality characteristics (h = 2), then there are a total of 12 sets
of sample data. To help manufacturers utilize the proposed
evaluation model, we established the following evaluation
procedure:
Step1: Calculate the mean of samples, the standard devi-

ation of the samples, and index estimates of the 12 samples
using Eqs. (16), (17), and (19).
Step2: Based on Eq. (34), with n = 60 and φ = 0.3,

the fuzzy critical value can be obtained as follows:

kF =
k − (1− 2φ) Z0.005√n(

(1− 2φ)

√
χ2
0.995;n−1
n−1 + 2φ

√
χ2
0.5;n−1
n−1

) = 4.455.

Step3: Draw 12 axes at 30 degrees from each other, mark
the fuzzy critical value (kF ) on the axes of the radar chart,

VOLUME 8, 2020 106079
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TABLE 2. Sample data of quality characteristics for wire bonding with six
wires.

FIGURE 5. Critical region on radar chart.

and connect the neighboring critical points to form a critical
region in the form of a regular dodecagon, as shown below:
Step4: Mark the 12 index estimates PQIL∗∗jh0 (j = 1, . . . , l

and h = 1, 2) in Table 2 on the 12 axes. The two ends of axis j
respectively indicate the index estimatesPQIL∗∗j10 andPQIL

∗∗

j20
of the two quality characteristics of gold wire j, as shown
in Figure 6.
Step5: If index estimate PQIL∗∗jh0 falls within the

twelve-sided critical region and PQIL∗∗jh0 ≤ 4.455, then reject
H0 and conclude thatPQILjh < 5. Thismeans that this quality
characteristic is in need of improvement. If index estimate
PQIL∗∗jh0 falls outside of the twelve-sided critical region and
PQIL∗∗jh0 > 4.455, then do not reject H0 and conclude that
PQILjh ≥ 5.
Based on the test rules in Step 5, the quality-level index

estimates PQIL∗∗jh0 for the two quality characteristics of wire
2 both fell within the critical region, which means that they
did not meet the five-sigma quality requirement and are

FIGURE 6. Fuzzy radar evaluation chart for gold wires.

in need of improvement. Referring to Eq. (25) and letting
α = 0.05, the upper confidence limit of the two quality
characteristics of gold wire 2 can be calculated as follows:

UPQIL21 = 4.201×

√
χ2
0.95;59

59
+
Z0.05
√
60
= 5.040,

UPQIL22 = 4.422×

√
χ2
0.95;59

59
+
Z0.05
√
60
= 5.294.

Based on statistical principles, these two upper confidence
limits are greater than 5; therefore, we do not reject H0 and
conclude that PQILjh ≥ 5. However, PQIL∗∗210 = 4.201
and PQIL∗∗220 = 4.422. Both values are obviously smaller
than 5. That means the proposed model returns more rea-
sonable results than the previous statistical test results, and
is consistent with the discussions made by several stud-
ies [20], [24], [33]–[35].

V. CONCLUSIONS
This study proposes a fuzzy quality evaluation model for the
wire-bonding process in IC packaging. Both of the quality
characteristics of the gold wires are LTB quality characteris-
tics, and for this reason, we propose a process-quality index
suitable for LTB quality characteristics based on the concepts
presented by Chang et al. [18]. This index fully exhibits
quality levels and has a one-to-one mathematical relationship
with process yield. It is thus a good assessment tool. Since
this index involves unknown parameters, sample data are
used to find the UMVUE of process-quality indices. Based
on DeMorgan’s rule and Boole’s inequality, we developed
the 100 (1− α)% upper confidence limits of the indices.
Subsequently, we elicited the fuzzy membership function on
the basis of these upper confidence limits and obtained the
fuzzy critical value to serve as a fuzzy evaluation standard,
with which we developed a visualized fuzzy radar evaluation
chart. This fuzzy radar evaluation chart has a solid foundation
in statistical inference, and evaluation rules were established
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using precise fuzzy test methods. In addition, this chart con-
structs a whole picture concerning the important quality char-
acteristics of the product. It facilitates management and aids
suppliers in progressing and forming long-term relationships
with their partners. Applied in practice, this model will not
only benefit industry chains but will also improve the quality
of their processes.
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