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Portable electronics makers have introduced liquid damage indicators (LDIs) into their products to detect
warranty abuse caused by water damage. However, under certain conditions, these indicators can exhibit
inconsistencies in detecting liquid damage. This study is motivated by the fact that the reliability of LDIs
in portable electronics is suspected. In this paper, first, the scheme of life tests is devised for LDIs in
conjunction with a robust color classification rule. Second, a degradation model is proposed by
considering the two physical mechanisms—(1) phase change from vapor to water and (2) water
transport in the porous paper—for LDIs. Finally, the degradation model is validated with additional
tests using actual smartphone sets subjected to the thermal cycling of —15 °C to 25 °C and the relative
humidity of 95%. By employing the innovative life testing scheme and the novel performance
degradation model, it is expected that the performance of LDIs for a particular application can be
assessed quickly and accurately.
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1. Introduction

Portable electronics such as smartphones and tablets serve a
variety of social functions, ranging from phone calls and email, to
a host of internet applications. As these smart electronics have
become more prevalent and useful, the portable electronics indu-
stry has become more competitive. The cost and performance
capabilities help determine which portable products to purchase.
Customers have also become more sensitive to reliability and
warranty obligations.

Reliability and warranty claims are a concern for portable
electronics makers. A study from SquareTrade, Inc. showed that
31% of iPhone 3G models failed in the first 22 months. Two-thirds
of those failures were considered to be caused by user abuse or
accidental damage, and 25% of the failures caused by users were
due to water damage [1,2]. To control costs, some portable electro-
nics makers have introduced liquid damage indicators (LDIs) into
their products as a means to refuse warranty or replacement service
due to possible user abuse. An LDI is a thin adhesive tape that
consists of several layers. When liquids contact an LDI's edge, the
LDI absorbs water and turns red [3]. When a customer visits a
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service center with a faulty device, a service employee can check
the color of the LDIs and elect to deny warranty service if the LDIs
are partially red.

The warranty policy of refusing customers’ claims based on LDI
color, rather than examining the actual root cause of device failure, can
be based on faulty logic. In particular, cases have been reported where
the color of an LDI has changed due to small amounts of sweat, rain, or
a humid atmosphere [4-6]. In April 2010, one major electronics
company was sued for denying warranty service to customers based
on inaccurate LDIs [7,8]. In 2011, the company agreed to make a
payment to a customer in a lawsuit filed for the breakdown of her
device that was supposedly caused by water damage [9]. The customer
insisted that she had never let her device contact water, but the LDIs in
her device were red, indicating liquid contact.

A very limited amount of scientific work was found in studying
the reliability of LDIs. James [10] argued, through a thought expe-
riment, that LDIs are “not sophisticated enough to differentiate”
between whether it was exposed to steam or submerged into
water. Ning et al. [11] addressed the need to adopt an advanced
monitoring technique for identification of the root cause of device
failure. To the best of our knowledge, no systematic work has been
conducted to investigate the reliability of LDIs. In this paper, we
attempt (1) to devise an efficient scheme to conduct accelerated
life testing with LDIs and (2) to develop a performance degrada-
tion model that predicts LDI characteristics. This paper is org-
anized as follows: In Section 2, the characteristics of LDIs is
overviewed. Section 3 presents the development of an efficient
scheme for accelerated life testing with LDIs. Based on the result
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Fig. 1. Schematic diagram of an LDI.

from actual life testing, in Section 4, a performance degradation
model is developed with the focus of two dominant physical
mechanisms. In Section 5, the proposed model is validated with
the LDIs in actual smartphones. Section 6 concludes the paper
with recommendations.

2. Description of sensing function and data analysis

An LDI consists of a transparent polyethylene terephthalate
(PET) top film, an indicator layer, and an adhesive layer, as shown
in Fig. 1. The indicator layer is composed of a porous paper for
quick liquid absorption and a red ink dye. The tape thickness is
approximately 0.3 mm. Upon water contact at the tape edge, the
porous paper quickly absorbs the water, and red ink from the dye
diffuses into the paper layer. The paper layer remains red after the
LDI dries out. The PET top film prevents color change due to water
contact from the top. Therefore, the LDI works as a water contact
sensor by showing whether the portable electronics have experi-
enced direct water contact by submersion.

According to technical data from an LDI manufacturer, the best
performance is obtained when the LDI is used within 18 months of
the date of manufacture [12]. The LDI can perform properly under
conditions of —40 °C to 65 °C and is resistant to highly humid
conditions (95% relative humidity at 55 °C). According to the data,
the LDI does not turn red by exposure to condensing steam at
room temperature [12-14].

LDIs can be attached to electronic devices in various locations
(e.g., headphone jack, dock-connector housing, under batteries, on
main-boards) that can easily get wet by submersion in water, or
even by sweat or rainfall. Many devices include more than one LDI
in different positions. An example of the LDI locations in an
electronic device is shown in Fig. 2.

According to the warranty policies of electronics companies, a
customer center employee first determines whether the warranty
service would be provided based on the LDI's color. If necessary,
technicians examine the device closely to double check. If LDIs do
not indicate the root cause of device failure, the decision made by
a customer center employee or technician can be faulty.

3. Life tests for LDIs

Life tests are devised to validate accelerated life tests and
provide information about the lifetime distribution of a product

Fig. 2. Location of the LDIs in a smartphone.

by applying high stress levels to the product. This section describes
the procedure for LDI life tests and presents the life test results.

3.1. Review of life tests

Life tests are often used by manufacturers to acquire life and
reliability information for components and systems, and to detect
their failure mechanisms and modes so that they can be corrected
in the design process [15,16]. This is important because manufac-
turers need a large amount of information about their product in a
very short time. In addition, products are commonly designed to
operate for several years without failure. In many cases, it is
impractical to conduct a test under normal or rated use conditions
to get information related to the life of products, such as the failure
time distribution.

In the life test, a stress condition can be imposed to reduce the
test duration without shifting the failure mechanism. The stress
conditions have to be suitably designed for successfully accelerat-
ing the life test, referred to as the accelerated life test. The stress
factors can be any physical variables (e.g., temperature, humidity,
and cycling rate) that affect the performance degradation and life
of products [17-21]. Then, the life information at the stress level is
used to predict the life at the use level. Statistical models are
employed to build a relationship between the life models under
the use and stress conditions [22].

3.2. Life tests for an LDI

This subsection presents how the life tests were designed for
the LDI and the results were analyzed for the validation of the
accelerated life tests. The main ideas are explained in the following
steps: (a) determination of test conditions, (b) designing the life
test procedure, and (c) quantification of performance degradation.

1) Determination of test conditions: The use conditions for portable
electronics vary from extremely hot to cold and from dry to
humid. This study focused on an iPhone 3G from Apple, Inc.,
with a use temperature range of —20 to 45 °C, and a relative
humidity of 5-95%.

Two pre-tests (the high humidity test and temperature cycle
test) were performed to observe the performance of the LDI
on different substrates and identify the most and least resis-
tant substrates for the life tests. Three different substrates used
in smartphones (glass, aluminum, and flexible printed circuit
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Table 1
Conditions For The Life Tests.

Test no.

Chamber 1 (°C) Chamber 2 Comment

OO ULk WN =

-30
—25
—20
-15

25°C, 95% RH LDIs on the FPCB substrate

25°C, 95% RH LDIs on the glass substrate

Fig.

Circular LDI

Square LDI

<+— Substrate

3. (a) Schematic diagram of a test sample; (b) pictures before the test and

(c) after the test.

2)

board (FPCB)) were considered. First, to confirm the perfor-
mance characteristics of the LDI under highly humid condi-
tions, a humidity resistance test was conducted. Under 55 °C
and higher than 95% relative humidity (RH), all the LDIs
showed strong resistance on all substrates for seven days.
Then, a temperature cycle test was executed for the LDIs on
the different substrates under the specified use conditions
(=20°C and 45 °C, 95% RH). The results confirmed that the
LDIs changed color on all substrates. Among the substrates, the
LDI on the FPCB was the most resistant to color change due to
temperature cycling, whereas the LDI on the glass showed the
least resistance. Therefore, the FPCB and glass substrates were
used for the accelerated life test.

Generally, the cycle number cannot be directly related to the
amount of time without understanding situation. For instance,
people in temperate or boreal climates in winter experience
over 45 °C of temperature difference between outside (20 °C
below) and inside (25 °C). In such cases, the number of cycles is
equivalent to the number of in-and-out. As users know their
use conditions, the performance degradation model can tell the
amount of time related to the number of cycles.

The life test conditions are presented in Table 1. Tests 1, 2, 5 and
6 were accelerated conditions, whereas Tests 3, 4, 7 and 8 were
within the use conditions specified by Apple for the iPhone
series. Based on a daily life condition, the outdoor temperature
of —25 °C and the indoor temperature of 25 °C are possible in
winter. Thermal cycling between —25 to 25 °C is more likely to
happen than —10 to 45 °C, although the same AT (=50 °C) is
engaged. Due to the shortage of limited experimental reso-
urces, the stepwise temperature increases (by 5°C) were
considered for development of the degradation model. All tests
required two environment chambers to simulate the stress
conditions. As shown in Fig. 3, each life test sample had two
different LDI shapes on the FPCB and the glass: a
10 mm x 10 mm square and a 6 mm-diameter circle. The life
tests were conducted ten times for each test condition. The LDI
used in the test was the 3M water contact indicator Tape 5557.
Steps for life tests: The life tests were executed in the following
steps:

® Step 1—Execute a 30-min test for a sample in Chamber 1.

3)

® Step 2—Execute a 5-min test in Chamber 2 as soon as the
sample is taken out of Chamber 1.

® Step 3—Take a picture of the sample after Step 2 under a
predefined light and angle condition.

® Step 4—Repeat Steps 1-3 until the sample experiences 50
cycles or the LDI turns entirely red.

The test durations (30 min in Chamber 1 and 5 min in Chamber
2) were based on temperature stabilization.

Quantification of performance degradation: As the LDI contacts
water, its color changes from white to red. This study quantified
the color change by the red-green-blue (RGB) composition of
pixels in the pictures taken in Step 3. Since the LDI colors can
be represented by only white and red pixels, those pixels were
chosen for quantification. To understand the RGB composition
of the white and red pixels, ten white and red pixels were
randomly picked from 10 test samples for each test condition,
and the means of the RGB values were calculated, as shown in
Table 2.

The white and red pixels had far more different G and B values
than R. That is because a white pixel has high R, G, and B values,
while a red pixel has a high R value, but low G and B values.
When an LDI is triggered, its color gradually changes from the
edge to the center. After measuring the G and B values of the
pixels in the LDI, their means and standard deviations were
computed for color classification. A pixel in the LDI is classified
into either a white or a red pixel in (1) as

A pixel =

white pixel, ifG;+B;>g+b"
red pixel, otherwise

red | gred
where 84 +b""" = i res + Hpges + 5{C gt + O pea } 1

where G; and B; denote the G and B values of the ith pixel; g
and b “indicate the G and B value margins in red. It is noted
that the G and B values in red are heavily random. Therefore, a
robust color classification rule must be developed due to a large
amount of noise observed in the G and B data of the pixels.
Fig. 4 illustrates the robust color classification rule using a
linear discriminant. For the robust rule, a target signal-to-noise
ratio is set to 20, which corresponds to the classification margin
of 5-sigma level, as explained in (1). For the margin definition,
the mean (x) and standard deviation (o) for two random
variables, G" and B"¢ are computed from ten-thousand pixels.
This equation defines the white area metric, which quantifies
the degree of performance degradation on the LDL

3.3. Results

Before the life test, the color classification rule confirmed a

100% white area in the LDIs on all test samples. As the test
progressed, the LDIs gradually turned red. Therefore, the percen-
tage of the white area decreased continuously. The test ended

Table 2
RGB Values for White and Red Pixels of Liquid Damage Indicator.

Test no. White pixel Red pixel
R value G value B value R value G value B value
1 127 135 119 55 15 17
2 17 125 109 74 25 23
3 112 121 109 82 42 40
4 127 137 126 97 71 61
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when the cycle number reached 50 or the LDI turned completely
red. The results of LDI color change on the glass substrate under
the four life test conditions are shown in Figs. 5-8, and the results
on the FPCB substrate are shown in Figs. 9-12. As the range of
temperature change, AT, increased, the white area decreased more
quickly. The white area on the LDIs on the glass substrate decr-
eased faster than the white area on the FPCB substrate. The results
show that the accelerated life tests were properly designed from
two observations: (1) the LDI turns red faster under more severe
conditions and (2) the LDI can be triggered even under a use
condition as observed in several lawsuit cases. This life tests for
the LDI can thus be used for developing a performance degrada-
tion model for the warranty abuse detection.

4. Development of performance degradation model

This section describes the development of a performance
degradation model using the life test results obtained in Section
3. This model can provide life information for the LDIs used in a
smartphone under various use conditions.

4.1. Potential mechanisms for LDI color change

Two dominant mechanisms are identified in conjunction with
the color change of LDIs subjected to thermal cycling: (1) phase
change from vapor to water and (2) water transport in the paper.
The first mechanism is known as condensation. When LDIs on the
substrate in Chamber 1 with a lower temperature (i.e., —30 °C,

B

GB samples obtained

+5
HpTo0p from white pixels

N\
N

Hgt506 G

Fig. 4. Robust color classification rule using a linear discriminant.
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Fig. 5. Results of accelerated life test on glass: Dataset 1 (temperature range= —30
to 25 °C).
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Fig. 6. Results of accelerated life test on glass: Dataset 2 (temperature range= —25
to25 °C).
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Fig. 7. Results of accelerated life test on glass: Dataset 3 (temperature range= —20
to 25 °C).
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Fig. 8. Results of accelerated life test on glass: Dataset 4 (temperature range= — 15
to 25 °C).

—25°C, —20°C, and —15°C) are moved to Chamber 2 with a
higher temperature (25 °C), the cold LDI and substrate make
contact with the warm vapor in the air, which leads to the
condensation of water vapor. This mechanism can be described
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Fig. 9. Results of accelerated life test on FPCB: Dataset 5 (temperature range= —30
to 25 °C).
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Fig. 10. Results of accelerated life test on FPCB: Dataset 6 (temperature
range= —25 to 25 °C).
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Fig. 11. Results of accelerated life test on FPCB: Dataset 7 (temperature
range= —20 to 25 °C).

as [23]
Vo (AT)™ @)

where V is the volume of condensed water after phase change; AT
is the temperature difference between Chamber 1 and Chamber 2;
and m is the model constant.
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Fig. 12. Results of accelerated life test on FPCB: Dataset 8 (temperature
range= — 15 to 25 °C).

The second mechanism is the transport of condensed water
from the edge of LDIs to the porous paper. When water contacts
the red ink dye, the paper with the white color turns into red.
As an additional amount of water is supplied to the paper by
condensation, the red area is enlarged until the entire white area
of an LDI becomes red. The water transport in porous paper is
expressed by [24]

x oc nk 3)

where x is the distance of penetration; n is the number of thermal
cycles; and k is the model constant. The model constant is often
determined experimentally since numerous factors affect it. The
factors include surface tension, contact angle between the liquid
and the capillary wall, viscosity of the liquid, etc.

4.2. Performance degradation model for the LDI

This section proposes a novel performance degradation model
for LDIs. It combines Egs. (2) with (3):

D(n; AT) =100—a(AT)"n° )

where D is the index that represents the performance degradation
for LDIs (%); a, b, and c are the model constants. The output of the
performance degradation model at the zero cycle is 100% that
corresponds to the state with the completely white area, while the
output decreases (i.e., the white area turns into red) as the number
of cycle increases.

We attempted to find model constants for the performance
degradation model using the test data. As described in Section 3,
four sets of data were collected for each type of the substrates
used in the experiments: Tests 1-4 with the LDIs tested on the
glass substrate; Tests 5-8 with the LDIs tested on the FPCB
substrate. The values of model constants are governed by the
material of the specimen as well as its geometry. Therefore, two
sets of model constants are expected since we tested the LDIs on
two different substrate materials (i.e., glass and FPCB), while other
conditions such as the materials of LDIs and their geometry
remain identical.

The datasets for LDIs tested on the glass substrate are shown in
Figs. 5-8. For each dataset, we calculated a representative curve
using data points acquired from the 10 samples. For example,
a regression analysis using Dataset 1 in Fig. 5 provided the curve
shown in Fig. 13. The goodness of fit was evaluated to be
moderately high (i.e., 0.7288). Datasets 2 and 3 in Figs. 14 and 15
are also shown to have the moderately high goodness of
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fit. However, for Dataset 4 in Fig. 16, the goodness of fit was
moderately low (i.e., 0.2849), which indicates that the fitting curve
may not represent the overall degradation performance of the 10
samples. The use of the dataset with poor goodness of fit may be
inappropriate in estimating model constants since the dataset is
subject to a substantial amount of uncertainty.

Datasets 1, 2, and 3 were used to estimate model constants in
Eq. (4) for the glass substrate. For each dataset, a performance
degradation curve was obtained by averaging the percentage of
the white area of 10 samples. Having three curves with the
different AT conditions, the performance degradation models are
fitted to the curves. The Levenberg-Marquardt algorithm is used to
find the optimal set of the model constants by minimizing the
squared sum of the error between the curves (Datasets 1-3) and
the proposed performance degradation model. Upper and lower
confidence bound vectors, C, for model constants are given by

CUpperandLower = & + t\/§ (5)

where C is the vector of estimated model constants (i.e., a, b, and c)
for LDIs; t is the constant calculated by the inverse of Student's t
cumulative distribution function with a given confidence level;
and S is the vector of the diagonal elements from the covariance
matrix of estimated model constants. As shown in Fig. 17, after the
optimization, an optimal set of model constants is obtained. a, b,
and c for LDIs on the glass substrate are 0.005312, 2.015, and
0.5199, respectively. With 95% confidence level, the corresponding
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Fig. 13. Curve fitting of the performance degradation model: Dataset 1 (tempera-
ture range= —30 to 25 °C).
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Fig. 14. Curve fitting of the performance degradation model: Dataset 2 (tempera-
ture range= —25 to 25 °C).

confidence bounds of a, b, and c are (0.0008927, 0.009731), (1.81,
2.22), and (0.4886, 0.5512), respectively.

Upper and lower prediction bounds of the performance degra-
dation index can be calculated:

DUpperorLower = D + tm (6)

where D is the estimated performance degradation index; s is the
mean squared error; and x is the row vector of the Jacobian of
model constants evaluated at a specified number of cycle, n. For
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Fig. 15. Curve fitting of the performance degradation model: Dataset 3 (tempera-
ture range= —20 to 25 C).
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Fig. 16. Curve fitting of the performance degradation model: Dataset 4 (tempera-
ture range= — 15 to 25 °C).
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Fig. 17. Results of accelerated life test and performance degradation model for LDI
on the glass substrate.
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Fig. 18. Results of accelerated life test and performance degradation model for LDI
on the FPCB substrate.

example, with the given condition of 20 °C of AT (i.e., thermal
cycling of 5 °C and 25 °C), the performance degradation index at
500 cycles is 49.31, whose upper and lower prediction bounds are
65.86 and 32.94 with 95% confidence level.

The similar procedure was executed for developing the perfor-
mance degradation models of the LDIs on the FPCB substrate.
Datasets 5 and 6 were then used in the analysis, whereas Datasets
7 and 8 were excluded due to the lack of a sufficient amount of
data points up to failure. As shown in Fig. 18, an optimal set of
model constants for the LDIs on the FPCB substrate was obtained.
a, b, and c for LDIs on the FPCB substrate are 3.34 x 1078, 4.673,
and 0.809, respectively. With 95% confidence level, the corre-
sponding confidence bounds of a, b, and ¢ are (—1.765x 1077,
2.433 x 10~7), (3.139, 6.206), and (0.6274, 0.9907), respectively.

5. Model validation with smartphone sets

Prior to the validation tests, a failure margin, D; must be
defined in terms of the white area metric. The failure margin is
addressed because an employee from a warranty service center
first checks the LDI's color and denies the warranty service if the
red area occupies about 40-50% of the LDI. Therefore, this study
set Dy to an 40% red area (i.e., 60% white area) that gives a more
conservative prediction.

This validation study used cyclic environment tests with two
iPhone 3G sets. The LDIs were attached inside a smartphone on
the headphone jack and on the mainboard of the devices, because
those are the original locations of the LDIs in an iPhone 3G. The
smartphone underwent cyclic environmental tests to validate the
performance degradation model. The test condition for validation
was — 15 to 25 °C and 95% RH, which was within the use condition
range of the smartphone. By substituting the temperature differ-
ence AT=40 °C in the model in Eq. (4), it was expected that the
LDIs under the specified condition would change its color by 21
(on the glass substrate) and 191 million (on the FPCB substrate)
thermal cycles. The LDI on the FPCB substrate experiences almost
infinite number of cycles, which indicates that the white area does
not change at all under the given condition. Different temperature
ranges with AT=40 °C can be taken into account but the tested
range (—15 to 25 °C) was chosen because it is more likely in use
conditions.

The color of the LDI on the mainboard did not change, even
after the iPhones experienced 50 temperature cycles. However, the
LDIs inside the headphone jack turned completely red after an
average of 10 cycles. This is because the LDIs attached to the

headphone jack were exposed to the atmosphere directly, whereas
those on the mainboard were not. Additionally, even though the
LDIs on the headphone jack were on the FPCB substrate, a glass
substrate was located nearby. Therefore, the degradation of the
LDIs on the headphone jack is mainly governed by a glass
substrate. The difference between the predicted cycles-to-failure
(i.e., 21 cycles) and the experimentally-observed cycles to failure (i.
e, 4 and 16 cycles) is 17 and 5 cycles for the two iPhones,
respectively. The amount of error in the prediction is reasonable
since there existed uncertainty due to the limited amount of
available sample data, inherent randomness in the specimen,
and experimental error. The LDIs attached to the mainboard inside
the electronic devices were in contact with only a small amount of
air that did not contain much moisture. Additionally, naturally
condensed droplets on the surface of the iPhones could not reach
the LDIs attached to the mainboard. Therefore, LDIs attached to
the mainboard were not triggered by small amounts of naturally
condensed droplets and temperature cycling conditions [25].
Based on these tests, it is strongly recommended that manufac-
turers attach LDIs to the inner parts of electronic devices (e.g., on
the mainboard or under the batteries) to detect water damaged
devices, while limiting possible false water damage reports from
poorly placed LDIs.

6. Conclusions

Manufacturers use LDIs to detect water damage of portable
electronic devices and often to avoid warranty abuse. However, this
practice has led to numerous customer complaints because it was
suspected that LDIs do not indicate the root cause of device failure.
This study was motivated to address this issue. Our contributions
are summarized in two folds. First, from the innovatively-devised
humidity and thermal cycling testing scheme, we proved that false
alarms are possible with the use of LDIs in detecting water
submersion. Second, the degradation model for LDIs was developed
considering the two physical mechanisms (i.e., water vapor con-
densation and water transport in the porous paper) and validated
with additional tests using actual smartphone sets.

The results from the life tests showed that the LDI can be
triggered by environmental conditions without direct liquid con-
tact or submersion. That is, the LDI in a portable electronic device
can turn red within the use condition specified by portable
electronics manufacturers. Certain environmental conditions can
trigger an LDI that is directly exposed to the outside air (e.g., in the
headphone jack).

The performance degradation model for LDIs subjected to
thermal cycling was proposed based on the two physical mechan-
isms. The model constants are often determined experimentally
since numerous factors affect it (e.g., surface tension, viscosity,
contact angle between the water and the capillary wall, and LDI
geometry). In this study, the method to calculate an optimal set of
the model constants and corresponding confidence bounds was
described. One who wants to predict the performance degradation
for LDIs of interest can follow the novel procedures devised in
Sections 3 and 4.2 of this paper. With this practice, it is expected
that the reliability of LDIs for a particular application is assessed
quickly and accurately. It is worth noting that a similar approach
can be used to predict the reliability of LDIs in any portable
electronics.

Electronic device manufacturers should be aware of the poten-
tial for false alarms from LDIs due to environmental conditions.
Manufacturers should take the performance degradation model
into account when they designate the use conditions of their
portable electronics, or when making a decision on warranty
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service against perceived water damage. In any case, a root cause
analysis must be conducted when looking at warranty claims.
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