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Abstract

Accelerated degradation tests (ADT) are widely used in the manufacturing industry to obtain
information on the reliability of components and materials, by degrading the lifespan of the product
by applying an acceleration factor that damage to the material. The main objective is to obtain fast
information which is modeled to estimate the characteristics of the material life under normal
conditions of use and to save time and expenses. The purpose of this work is to estimate the lifespan
distribution of gold nanoparticles stabilized with lipoic acid (GNPs@LA) through accelerated
degradation tests applying sodium chloride (NaCl) as an acceleration factor. For this, the synthesis of
GNPs@LA was carried out, a constant stress ADT (CSADT) was applied, and the non-linear Wiener
process was proposed with random effects, error measures, and different covariability for the
adjustment of the degradation signals. The information obtained with the test and analysis allows us to
obtain the life distribution in GNPs@LA, the results make it possible to determine the guaranteed time
for possible commercialization and successful application based on the stability of the material. In
addition, for the evaluation and selection of the model, the Akaike and Bootstrapping criteria

were used.

1. Introduction

Accelerated degradation tests (ADT) are an effective tool for evaluating the reliability of materials through the
analysis of degradation data, these tests consist of degrading the life of the product by applying a factor that
accelerates degradation, thereby obtaining degradation data, which are used to estimate the life distribution of
the material under normal conditions of use and at the same time minimize costs and times involved in the test,
obtaining good material life data.

For recently created materials, current studies have adopted an ADT in the evaluation of reliability based on
the Wiener process. The Wiener process is frequently found in practice as it provides a satisfactory and flexible
description of degradation data obtained after having performed an ADT [1, 2].

Nowadays, nanoscience and nanotechnology develop highly innovative materials and products with the
ability to revolutionize life as we know it. These nanomaterials, like any other material, show deterioration that
involves a very complex interaction between stress, time, and the environment, eventually causing the failure of
the product [3]. In this way, in any technological field, knowing the useful life of the products is required for the
successful application.

For nanostructured materials, to our knowledge, it has not been determined the life span within an
appropriate test time, and the studies found in the literature do not use test methods and degradation analysis to

© 2022 The Author(s). Published by IOP Publishing Ltd
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have reliable information on the life’s nanomaterials over the time, moreover, some studies report the need for
regulatory reforms to improve supervision of nanomaterials throughout its life cycle [4, 5]. Faced with this
condition, there is a wide opportunity of using the ADTs for nanostructured materials to estimate the useful life,
as well as, to contribute to the regulation of these materials.

Material of great interest at the nanoscale is gold, which is probably one of the most fascinating materials due
to its physical and chemical properties at the nano-scale [6, 7]; gold nanostructures (GNPs) have shown potential
applications in many research areas. In medicine, ultra-small nanoparticles below 5 nm have unique advantages
in the human body due to their relatively rapid clearance, good absorption, and favorable interaction with
radiation [6, 8]. For example, gold nanostructures have been tested as sensors [9] capable of detecting certain
diseases such as cancer [10], SARS-CoV-2 [11], Alzheimer’s, and Salmonella [9, 10], also, they were utilized as
chemical carriers [12, 13] and as theragnostic agents [10, 14].

For the successful application, there is evidence that the stability of gold nanoparticles must be well known to
reach the desired tissues or cells [15], overcoming the limitations of biological barriers to diagnose and treat deep
targets [8, 16]. Some variables that influence the alteration of stability are the pH [17] of the medium as well as
the presence of NaCl [18].

GNPs@LA analyzed in this study are spherical at 2.5 nm, highly stable in colloid as well as a powder; they are
stabilized with lipoic acid which prevents agglomeration and creates functional groups for bio-conjugation, and
also do not present toxic effects at the cellular level based on ISO 10993-5 [19]. However, there are no studies
that allow us to determine the lifetime of the nanomaterial. The purpose of this study is to estimate the failure
rate and useful life of GNPs@LA through ADT relied on the Wiener process applying NaCl as an acceleration
factor. The proposed methodology is an important contribution to the supply of nanomaterials guarantees and
opens the door for the development of further research.

In summary, the main contributions are:

A methodology based on accelerated degradation testing and Wiener process to estimate the useful life of
GNPs@LA.

+ Estimation of the failure rate GNPs@LA using NaCl as a degradation factor.

+ A methodology that relies on a non-linear Wiener process with random effects, error measures, and different
covariability to determine the useful life of the GNPs@LA.

+ Arigorous statistical analysis to determine the most appropriated Wiener degradation model.

The rest of this paper is structured as follows: section 2 provides a general description of the synthesis and
stability of GNP@LA, an explanation of the accelerated degradation model with the Wiener process. Also, it is
presented a statistical inference framework based on the maximum likelihood estimation (MLE) method to
estimate the parameters of the life distribution. At the end of this section, the statistical framework is applied to
our specific degradation problem. Section 3 explores and compares the specified degradation models to our
degradation data showing which is the more appropriate model to estimate life distribution. Finally, section 4
gives the conclusions of our work.

2. Materials and methods

2.1. Synthesis of GNPs@LA

Based on the bottom-up approach, particularly the colloidal method; gold nanoparticles with an average size of
2.5 nm were synthesized and stabilized using gold chloride as a precursor, sodium borohydride as a reducer, and
lipoic acid as a stabilizer, following the methodology reported by Cornejo-Monroy et al [19].

2.2. Stability of GNPs@LA

Gold colloid stability implies that solid nanoparticles do not settle or aggregate at a significant speed [20]. When
nanoparticles lose their stability by aggregation, particle size increases and creates agglomerates, losing their
interesting properties.

One way to measure how these properties are affected according to their size is through their
characterization by UV—vis spectroscopy [21], which is a simple and reliable method to monitor the stability of
the gold colloids. As the nanoparticles become destabilized, the original characteristic peak will decrease in
intensity due to the depletion of stable nanoparticles, and often the peak will be broadened to longer wavelengths
due to the formation of aggregates or agglomerates [22]. The shape and peak position of UV—vis spectra are
related to the morphology and size of the nanoparticle, as well as, the dispersion/aggregation of gold colloids
[23]. Gold colloids present electronic transitions of bands in the visible range between 450 nm and 550 nm.
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Figure 1. UV-vis absorption spectra of GNPs of 5, 10, 15, 20, 30, 40, 50, 60, and 80 nm in diameter from bottom to top, respectively.
Reproduced with permission from ] Martinez et al [24].

Therefore, some visible wavelengths are absorbed, emitting a characteristic color that can be characterized and
related to morphological changes in the nanomaterial [23]. In figure 1, ] Martinez et al [24] show different sizes
of gold nanoparticles as a function of the characteristic peak of the plasmon band, it can be observed that their
characteristic peak is red-shift as the GNPs diameter increases. This is because the optical properties of gold
nanoparticles change when the particles aggregate and the conduction electrons near the surface of each particle
are delocalized and shared among neighboring nanoparticles [25]. When this occurs, the surface plasmon
resonance shifts to lower energies, causing the characteristic absorption and scattering peak shift to longer
wavelengths [24].

In addition, it is known that charge repulsion effects between particles can be affected by the NaCl
concentration of the solution [18]. This occurs because charges can be removed or neutralized by protonated or
unprotonated ionizable groups or by the concentration of ions in solution. There is evidence that a high NaCl
concentration can effectively mask the charge character of a carboxylate particle by having too many positively
charged ions associated with surface charges thus causing aggregates in the material [25].

For this study, and as an example to apply an ADT analysis, to determine the failure rate and useful life of
GNPs@LA, we considered that gold nanoparticles with UV—vis spectra peak greater than 525 nm failed and NaCl
was used as a factor that accelerates the degradation.

2.3. Accelerated degradation model

One objective of the reliability analysis is to estimate the useful life of the product through thelife distribution.
To obtain thelife distribution of a product using degradation data, the central step is to set up a model that
describes the degradation process, called an accelerated degradation model. An accelerated degradation model is
the combination of an accelerated model and a degradation model based on physics and statistical models.

An accelerated model shows the relationship between life and effort to establish the connection between
degradation data and product life, it is essential to establish a suitable probability model to describe the behavior
of collected degradation data, also known as degradation trajectories. Two types of degradation models are
commonly used, which are the general trajectory models and the stochastic models.

General trajectory models are described as simple and easy to use, but they lack the ability to capture system
dynamics. In contrast, stochastic models have great potential to capture random dynamics within degradation
processes. The Wiener process, the Gamma process, and the Inverse Gaussian process are three common
stochastic processes that have received many applications in degradation modeling [9, 26]. However, it should
be noted that both the Gamma process and the Inverse Gaussian process are only suitable for modeling
monotonous degradation trajectories. In comparison, the Wiener process applies to non-monotonous
degradation processes that are frequently encountered in practice as it provides a satisfactory and flexible
description of the degradation data [2]. The Winner process has been widely applied to degradation data analysis
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Table 1. Acceleration models and their link function.

Acceleration model Link function

Arrhenius Model h(S) = exp(fg%)

Inverse Power h(S) = exp(—pBIn(S))

Linear Model h(Sk) = exp(—3(Sp)

Quadratic Model h(S) = exp(—B1(Sk) + B2(SK)?)

for example to light-emitting diodes [27], fatigue of metals [28], aluminum reduction cells [29], and micro-
electromechanical systems [30], among others.

2.4. Wiener degradation process

Since components of systems deteriorate over time and fail when the degradation level reaches a certain
threshold. The Degradation information can be measured in a non-destructive way, after which an appropriate
degradation model is chosen to describe the process through analysis of the data. Among the degradation
models, the Wiener process with positive drift is well-established method due to its mathematical properties, it is
expressed as follows,

X(t) = M) + oB(A(1)), (1

where A(t) represents the transformed time scale and it is a monotonic continuous function that explains the
non-linearization of the data, typical examples are: A(t) = e, A(t) = bint, A(t) = tb,where 0 < b < lisa
parameter to be estimated [31]. The parameters A and o stand for the drift and diffusion parameters,
respectively. B(t) corresponds to the standard Brownian motion which satisfies the following properties:

i. B(0) = 0.
ii. B(t) has normal distribution with mean 0 and variance ¢.

iii. B(t) has independent increments, forall t; < t, < ... <t,
B(t,) — B(ty-1), B(t,—1) — B(ty-2), ..., B(t2) — B(#), B(#)

are independent.

iv. {B(t), t > 0} has stationary increments. That is, the distribution of B(¢t + s) — B(t) does not depend on ¢.

From the above properties, it can be deduced that random vector (B(%), B(ty), ... , B(t,))~ A47(0, X),
where the covariance matrix ¥ = (min{#;, t;})ij, i, j = 1,..., n. The previous properties on B(t) entail that
the Wiener degradation process X (¢) has the same properties of the Brownian motion B(t) but the first
property. Additional is straightforward to see that X (t)~ A" (AA(t), o2A(t)).

Dueto imperfect instruments, random environments and among other factors, measurements errors are
inescapably introduced. Thus, error of measurements ¢, with € ~ .4/"(0, o'2) is introduced, leading to an observe
degradation process as follows

Y(t) = X(t) + €. )

Since stress factors such as voltage, humidity, temperature, vibration, etc affect the performance of the
degradation process, then an acceleration model can be used to integrate the covariate into the Wiener process.
The most common way to incorporate the acceleration model into the Wiener process is to consider some
model parameters as a covariate function which is typically called a link function A (-). The choice of the form of
this function will depend on the way the acceleration factor influences the model parameters. Some accelerated
models are the Arrhenius model, Inverse power model, Eyring model, and linear and quadratic model, which are
summarized in the following table 1.

Therefore, the acceleration model of the drift parameter and diffusion parameter depends on the stress
factor employing the link function as follows

M= nh(S), o= kh(S), 3)

where S denotes the stress level and 7) represents a variability parameter and k is a constant factor associated
with the diffusion. From now on h(S;) will be represented as hy.

Itis common to find differences between the degradation trajectories from unit to unit of the population.
This type of difference is the result of non-observable random effects. In order to express this, some model
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parameter will be specifics for each unity, obtaining a process with certain parametric distribution [28]. To
model this, the drift parameter \; will be specific for each unit and follows a normal distribution, on the other
hand the parameter o, will be taken as a constant, Peng and Tseng [32]. Siet al [33, 34] and Tsai et al [33] Thus, it
isassumed that the variability parameter 7 is a random variable with normal distribution A" (1, o; ) Putting all
this together into (2), it is obtained

Ye(1) = Y (S = nhiA(®) + sh BAA(D) + e, (C))

where (4) models the ADT with random effects, error measurements, and covariates. Some studies that configure
more than one variant in the Wiener process, for instance, Li Sun et al [36] describe a methodology for the model and
estimation of parameters through a constant stress ADT (CSADT) applying the non-linear Wiener process, with
covariates, random effects, and measurement errors. A CSADT is a test plan consisting of three to four levels of tests
with different proportions of units in each one, where mainly at the low effort level more samples run than at a high
level and this type of plan can provide accurate estimates for an ADT. Following the notation in [36], the increasing
applied stress levelis S; ,...Sy ,...Sk , where K denotes the maximum stress level. Also, there are Ny units tested
under each constant stress S; and each unit is measured M;; times at the k stresslevel withi = 1, 2, ..., Ni. The
transformed time will be expressed as wy;; = A(ty;) with j = 1,2, ..., My

Therefore, the degradation observed under the Wiener process with its four variants is shown as follows

Yiii (Wil S = M hewiis + N khic B(wiif) + € )

withn, ~ N (ftops orf]) s &kij ~ N (0, o2) and hy, the link function of the accelerated model.
Model (5) comprises the following set of unknown parameters,

© = {/J"r/’ U%’ R, B) 0‘3} (6)

that will be estimated in the next section.

2.5. Statistical inference of the wiener degradation process, parameters estimation, and life distribution on
ADT data
In the previous section a model for CSADT was formulated in (5), to estimate the unknown parameters set ® let’s

consider the following vectors Ti; = (t1, ---» tkiMk‘)T, i = Whip Vi = D> > ykika_)T, Ve = W oo yka)T
andY = (y, ...,y Vork = 1,2, ... K,i = 1,2, ..., Nj. The properties ii and iii of the Wiener processes implies
that the Brownian movement y,. follows a multivariate normal distribution with a mean,

toi = Hophic Tii (7)
and covariance

Qi = 01, Qo = Hyy + Wi T T,

Wkil Wkt ... Wki

. B Wkilt Wkiz 7 Wiz D)

Hy; = Rl - _ : + 0 L (8
Wkil Wkiz -+ WkiMy

. . . . ~ k - 2 .. -
where I; is the identity matrix of order Mj;, where k = o and 57 = % are a reparameterization to facilitate the
n 7

inference. The log-likelihood function of unknown parameters @ = {1, Jf/, R, B, 52} is expressed as
K N

1O)y) = ——ln(Zw)ZZMkl )

k=1i=1

__ln(Un)ZZ My — —ZZ In| €|

k=1i=1 klzl
K N

~—1
ZZ Wi — My T) i (g — 1, e T
7] k=1i=1
To estimate the parameters 1, and a , the values of (%, /3, 52) are fixed to specific values, then the derivatives
ICIRS ICIRS
on, and oo,
obtaining the followmg close -form expression to the maximum likelihood estimator MLE fi, and &; 2 of oy

of (9) concerning the parameters 1, and 0,7 are computed and equated to zero,

and Uf]

~—1
. S N e TEQ vy,
TS T T,

(10)
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A2 1 K2k N Ty~ 1 A
o= e 22— AT s (v — T (11)
D D Br.Y * et ! ]
Substituting (10) and (11) in (9) and simplifying the log-likelihood function, it is obtained

K N

(O]Y) = —%(m(zw) DY My

k=1li=1

1 L 1 K N R
——InE)Y > My — —> > In|Hyi + b Ti Ty . 12)
2 k=li=1 P
Note that the matrix F; depends on the parameters &, 3 and &7 and h depends on 3. Therefore, the
maximum likelihood estimates of &, 3, & can be obtained by maximizing the log-likelihood function (12) by
employing the L-BFGS-B quasi-Newton optimization method that can be found in the R-project packages [37].
The value of & can be obtained by the following equations:

k= k- o, (13)
~ 22 A
62 =105 - o,f, (14)

One objective of the reliability analysis is to estimate the useful life of the product through the life
distribution. To obtain the life distribution of a product using degradation data Li et al [31] incorporate the
measurement errors into the deduction of the expression for the CDF and PDF of the failure time

T=inf{t: Y(@) > w}, (15)

where T corresponds to the first time that the degradation process Y hits a failure threshold w. They deduced
the life PDF expression for each stress level S, which can be found in equation (12) at [31] Note that in this
formulation they used two different time scales A(t) and7(¢), when 7(¢) = A(t), this PDF is reduced to,

oghkun + (khy + hkzcrfl)w dw y { —(w — hp,w)? }

—— - &Xp 3 3 (16)
\/27T(hkw(/< + hkoﬁw) + o) dt 2(hkw(k + hkoyw) + 07)

fu ) =

which is the one used in this work. Note f; (¢) depends on the parameters set o.

2.6. Methodology and analysis of degradation data under the wiener process/ADT
To obtain degradation data of GNPs@LA under a CSADT, several samples were synthesized following the
methodology reported by Cornejo et al[19] and using NaCl as an acceleration factor. The stress test levels were
based on an exploratory study, leaving three different levels of effort for three different populations. UV-vis
absorption spectra of colloids were carried out every third-day generating degradation signals for low, medium,
and high levels. In this study, the material degradation was determined considering the absorbance between 450
and 550 nm, and the maximum characteristic peak of gold. Gold colloids with a characteristic peak greater than
525 were considered as a failure.

Since this work proposes to estimate the life distribution of GNPs@LA applying a CSADT. Accordingly, the
following can be defined:

+ The percentage levels of NaCl areindexedas k = 1, ..., K
+ The population of samplesisindexedasi = 1, ..., Ni

+ Measurement times are indexed as j = 1, ..., My;

Once the degradation signals have been defined as degradation data, we proceed to obtain the configuration of
the CSADT that describes the degradation trajectories. Thus, this work proposes the non-linear Wiener
process with drift parameter, random effects, measurement errors, and different link functions in the
covariability (table 1, section 2.3) is used. More specifically the model assumes:

* Adrift parameter with transformed times wyj; = A(ty;;) = (tkij)b that explain the non-linearity of the data.

+ Random effects in the drift parameter. Different units have different drift parameters while all diffusion
parameters have the same value under a certain effort. So, the parameter 1) in the drift term at (5) is assumed to
has anormal distribution n ~ N(x,, af]).

* Measurement errors with g ~ N(0, ag).

+ Covariability, which is expressed via the link function hy, where the accelerated model is immersed. It is




10P Publishing

Nano Express 3 (2022) 035002 B Sénchez-Santamaria et al
With k, B, o2, fixed, the With the estimates y,,
Initial parameters m=) | likelihood function is — o2, The likelihood
55, 0 maximized with respect function is maximized >
to the parameters y,, 0%, with respect «, 8, 0%,
We have a model
Iteration for Estimated parameters un_der the nonlinear
estimated optimal E by maximum likelihood |mms) | Wiener process that =
parameters G={u, ot ic B o) assumes
*+ Random effects
Competing models * Measurement errors
h h the link »  Wiener model without * Different
T fI:ug t ehm covariability covariability
ti t 5 .
pro plz)iségl-;’no;els @ + Wiener model with
with different covariability @l Life distribution
s Assuming as link function
covariability are T r——
EOUEGE 2. Linear model
3. Quadratic model

Figure 2. Methodology for the estimation of parameters in the proposed models.

highlighted three accelerated models that were evaluated in this work corresponding, inverse power, linear
model, and the quadratic model, see (table 1, section 2.3).

Now, proposing the CSADT and the Wiener process with these characteristics, the degradation process can
be established as formula (5). Thus, the following parameter set © = { [hops (7%7, R, 3, 52} will be estimated to get
the life distribution. We remark that 3 = (3, (3,) in the quadratic model caseand 8 = (3; in the remaining
cases.

All the above were programmed in the statistical software R, where the MLE was applied to obtain the
parameters set ©. Figure 2 shows the proposed methodology.

As can be seen in figure 2, different degradation models have been proposed. To select the best model will be
used the AIC criterion [38] and for the evaluation and validation, the estimated parameters of the model will be
employed and the Bootstrapping distribution [39] will be calculated with the construction of confidence
intervals.

3. Results

The constant stress ADT in GNPs@LA had 3 levels, these being: 19 samples for the low level with 8% NaCl, 13
samples for the medium level with 12%, and 12 samples for the high level with 16% NaClm/v. With a
censorship time of 69 days; except for the low level which was 51 due to remaining time conditions and
modifications of the plan. The degradation measurements were performed every third day generating a total of
18 measurements for low level and 23 measurements for medium level and high level, providing degradation
signals over time.

From UV-vis absorption spectra degradation signals were obtained. In figure 3, the changes in the spectra
are graphically presented comparing the first measurement and the last measurement in the range of 400 to 800
nm in wavelength.

It can be observed in figure 3 that for the three degradation levels, the absorbance amplitude decreases, and
the width of the band broadens causing a red-shifted of the characteristic peak due to their increase in size and
the aggregation of the gold nanoparticles. It can be also noticed that at higher percentages of NaCl the
degradation is more appreciable than at lower percentages. To have a better relationship between UV—vis spectra
and degradation material we made a graph from the initial average and final characterization for each level,
which can be seen in figure 4. The area comprised between 450 and 550 nm from UV-vis spectra was used to
quantify the material degradation. Additionally, when the characteristic peak moves above 525 nm is considered
the failure threshold.
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From figure 4, a change in the area between the initial and final characterization is well noted and it was used

to obtain degradation data.

To maintain a notation according to the property of independent increments and a normal distribution
under the Wiener process, the area for each measurement was calculated, and each degradation increment was
obtained from the difference between the first-day area and the subsequent day areas, these were the increments
of degradation to be modeled. Under this consideration, the degradation trajectories were obtained for each

sample at the different levels of NaCl.

In figure 5 the different trajectories at each level are shown, it can also be observed that there is a non-
monotonous behavior with increasing and decreasing trends. Also, it is observed that the degradation of gold
colloids with the same levels of NaCl is different, this can be attributed to unobservable factors such as
concentration, unit-to-unit variability, inherent randomness, as well as the measurement variability of each

8
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Table 2. Obtained Optimal parameters for each accelerated degradation model.

Optimal parameters
Covariability
Hey o K B o
Inverse Power 0.00251 4.0E-08 0.00028 —1.4986 0.00801
Linear Model 0.01741 2.0E-07 0.00181 —0.1428 0.00849

Quadratic Model 0.04386 6.4E-06 0.00460 (0.014, 0.0062) 0.00838

sample. Thus, the Wiener stochastic model was chosen with its four variants since it has great potential to
capture stochastic dynamics, and it is also applicable to non-monotonic impairments, providing a satisfactory
and flexible description of the impairment data.

For this study, we propose to model the degradation trajectories under the non-linear Wiener process, with
random effects, error measurements, and different covariability using three different link functions, which
generate three different models.

To obtain the optimal parameters in each model, the initial parameters should be close to the true model
parameter to be estimated, as well as the value b in the time transformation, these were obtained by a preliminary
package made by us using RStudio that performs an individual regression using least squares for each
degradation path giving as initial parameters b = 0.61, & = 0.65, 3 = —0.8479, 2 = .01 assuming inverse
power, for alinear model they were b = 0.61, & = 0.65, § = —0.18, 652 = .01 and finally for a quadratic
model the initial parameter were b = 0.61, & = 0.65, 3; = 0.04, 3, = 0.1 &> = .01. Once these initial
parameters were estimated, they were fixed at the likelihood function to estimate the optimal values of
oy and o2 via the MLE approach (in closed form (10) and (11) ) presented in section 2.4. Scale time
transformation parameter was remained fixed at b = 0.61 during optimization and to avoid over-estimation
parameter [3,, the constraint 1, by > pu, b1 for k > 1wasadded in the quadratic model. The obtained optimal
parameters are highlighted in table 2.

With the estimated parameters of the model in table 2 and establishing w as the failure threshold, which
corresponds to a 1.51 degradation increment, equivalent to an area of 2.1 units implying a 525 nm deface in the
wavelength. The life distribution is given by (16). Therefore, the density and cumulative density functions for
each degradation level are shown in figure 6. It is observed that at higher percentages the degradation is more
noticeable, also the probability mass concentrates more towards zero as the percentage of NaCl increases,
according to the accelerated degradation test.

Given the cumulative density of the model, this can be evaluated to make desired inferences and
consequently estimate the useful life under different conditions. As an example of this, table 3 presents some
failure rates based on formula (16).

As can be seen in table 3, the results between different models differ, being the quadratic model, which
provides the lowest failure rate.

To select the best model, the Akaike information criterion (AIC) introduced by Hirotugu Akaike in 1973 has
been one of the most widely known and used model selection tools with degradation forecast [38]. This criterion
has been used by some authors such as [40—42] for the selection of the most appropriate degradation model
given a set of degradation measures. The AIC is used as a selection criterion when the model parameters have
been estimated by maximum likelihood, its formula is given by

AIC = —2logL + 2p, (17)

where logL is the log likelihood and p is the number of parameters in the model, the likelihood function reflects
the conformity of the model with the observed data, the higher the conformity between the model and the data
the higher the likelihood, however, when the number of model parameters increases the likelihood usually
increases so the AIC penalizes the number of parameters. Therefore, the selected model will be the one with a
minimum AIC. According to the above explanation, we will use the AIC to establish the covariability influences.
Modeling without covariance yields an AIC value of —931,703 which is higher compared to the AIC values for
the proposed models, as can be seen in table 4.

It can be easily seen that covariability has an influence on the models and must be embedded in the process.
The application of the AIC criterion suggests that the quadratic model is a better option for the degradation data
obtained.

Continuing with the assessment, the bootstrap method [43] is used to determine confidence interval (CI) for
the failure distribution, the Cl is found by using the estimated model parameters with the sample data as if they
were the true parameters, since this is the information available from the degradation process. New degradation
samples are generated from the estimated parameters, with these data, new model parameters are estimated and
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used to obtain a new cumulative failure distribution. It is necessary to repeat the above procedure many times,
thus obtaining an approximation to the sampling distribution. It is common to plot the empirical distribution of
the failure pseudo-times with the confidence intervals to check the adequacy of the model, the more pseudo-
times are within the confidence intervals the higher the adequacy. The Bootstrap was applied using 4000
datasets. The results are shown in figure 7 for each model.

According to the obtained Cls with a confidence level of 95% which are observed in figure 7, the percentages
of 8% and 16% present an empirical value which is closed to the theoretical cumulative density. On the other
hand, it can be noted that at 12% percentage the three models present several distant points outside the CI,
however, the quadratic model seems to have more values within the confidence interval, as well as close to the
theoretical distribution.
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Figure 7. Bootstrap results for each degradation model using NaCl at 8%, 12% and 16%, from left to right. (a) Inverse power model;
(b) Linear model; (c) Quadratic model.

Table 3. The Failure rate in gold colloids with different NaCl percentages and covariability was obtained by the three

proposed models.
Inverse power model

Days

0% 1% 5% 8% 10% 12% 15% 16% 20%
30 Undefined 0.000 0.000 0.000 0.001 0.023 0.211 0.321 0.756
72 Undefined 0.000 0.000 0.012 0.144 0.457 0.853 0.916 0.994
360 Undefined 0.000 0.103 0.882 0.990 0.999 1.000 1.000 1.000
720 Undefined 0.002 0.585 0.996 1.000 1.000 1.000 1.000 1.000
1080 Undefined 0.013 0.857 1.000 1.000 1.000 1.000 1.000 1.000

Linear model
0% 1% 5% 8% 10% 12% 15% 16% 20%
30 0.000 0.000 0.000 0.000 0.000 0.009 0.216 0.399 0.971
72 0.000 0.000 0.000 0.006 0.073 0.346 0.886 0.960 1.000
360 0.001 0.020 0.322 0.872 0.987 1.000 1.000 1.000 1.000
720 0.062 0.315 0.868 0.997 1.000 1.000 1.000 1.000 1.000
1080 0.268 0.669 0.980 1.000 1.000 1.000 1.000 1.000 1.000
Quadratic model
0% 1% 5% 8% 10% 12% 15% 16% 20%

30 0.000 0.000 0.000 0.000 0.000 0.005 0.191 0.413 0.998
72 0.000 0.000 0.001 0.013 0.065 0.270 0.859 0.958 1.000
360 0.622 0.611 0.733 0.913 0.981 0.999 1.000 1.000 1.000
720 0.969 0.966 0.985 0.998 1.000 1.000 1.000 1.000 1.000
1080 0.997 0.997 0.999 1.000 1.000 1.000 1.000 1.000 1.000
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Table 4. AIC criterion values for the different models
considering covariability.

Inverse power model Linear model Quadratic model

—993.771 —997.439 —998.017

4. Discussion

The results of the research show that according to the AIC criterion and the bootstrap confidence interval the
quadratic acceleration model has a better adjustment of the degradation of the GNPs@LA, however, in the ADT
and ALT the samples usually show a degree of curvature that is not sufficient for the AIC criterion to better
consider the quadratic acceleration model over alinear one. In our model, the curvature was large enough to
improve the AIC criterion. When a curvature parameter is added in an ADT, special attention should be paid,
since there could be an overestimation of the degradation of the product under normal conditions of use, to
avoid this overestimation we add the restriction i, hx > p, hy11 for k > 1in the estimation of the model
parameters, thus obtaining an estimate of the failure fraction of the GNPs@LA under normal conditions of use
consistent with the little knowledge that we had of them. We also recommend further investigation of the
quadratic acceleration model in ADT tests.

5. Conclusions

This research proposed a methodology and an analysis model to estimate the failure rate and useful life of
GNPs@LA based on accelerated degradation tests and a non-linear Wiener process incorporating random
effects, error measures, and covariability. The proposed scheme employs three different link functions in
covariability using the inverse power, linear and quadratic models.

The modeling has been tested using NaCl as an acceleration factor and a three-level constant stress ADT with
8%, 12%, and 16% of NaCl as degradation signals and as degradation data in the Wiener process. The data
presented a non-monotonous behavior with oscillatory tendencies, and the GNPs@LA degradation observed for
the same population was different thus the Wiener stochastic process was applied with its four variants.

Itis demonstrated that the model applied by the non-linear Wiener process, with random effects, error
measures, and covariability that uses the quadratic model as a link function was the most effective and gives the
best estimate of the degradation rate of the shelflife of GNP@LA and as a function of NaCl. These results can be
used to provide guarantees of commercially available nanomaterials.
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