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The sintering of printed nanoparticle films is a necessary processing step for most
nanoparticle inks to make the printed film functional. The sintering of nanoparticle
is usually performed through thermal sintering, photonic sintering, induction
sintering, etc. Intense pulsed light (IPL) sintering method is one of the most popular
sintering methods for nanoparticle inks due to the fast and effective process, but
it may yield mediocre performance if improper sintering parameters are used. In
this work, we investigate the correlation between the two factors which are the
print passes of aerosol jet printing and the sintering distance of the samples on the
effect of the surface morphology and sheet resistance. A contradictory correlation
between the two factors was observed and a multi-objective optimization was
carried out using machine learning method to identify the most optimum conditions
for both factors. We found that multi-objective optimization approach is effective in
reducing the conflicting responses, thus the sintered thin film can have low sheet
resistance and low surface roughness. This work provides an essential guide for
achieving conductive films with electrical conductivity and low surface roughness
using IPL sintering process for fast fabrication of multi-layered electronics such as
electrochemical electrodes.
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1. Introduction
In the past decade, printed electronics technology has received great attention
because of the increasing needs for alternative electronics fabrication technology to
produce unconventional electronics, especially in the field of flexible and stretchable
electronics[1,2]. Conventionally, electronics are manufactured using silicon wafer
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technology that requires high processing temperature
which poses restrictions on the material options[3]. In
contrast, printed electronics technology uses functional
inks to create circuits and electronic components,
thereby lowering the process temperature and creating
more opportunities for new electronic architectures with
various substrates, particularly for low thermal stability
substrates[4-7]. It has allowed for new opportunities for the
creation of flexible electronic components that can be used
in applications such as water technology for system health
monitoring purpose[8].

In general, a sintering treatment is required to process
the printed ink layers in order to make the active materials
functional[23]. This is because the active materials are
normally covered with a layer of organic stabilizer,
which impedes their functionality. Sintering treatment
removes the organic stabilizer layer and binds the active
materials together. For the case of metal nanoparticle, the
nanoparticles receive energy during the sintering process
and fuse together and grow larger to form a conductive
network of nanoparticles. Besides, sintering treatment
also enhances the adhesion of the printed materials to
the substrates. Till now, there are many different sintering
techniques that have been developed such as thermal
sintering[24], electrical sintering[25], induction sintering[26],
and photonic sintering[27]. Each sintering technique offers
its unique advantages and possesses certain limitations.
For examples, thermal sintering treatment can achieve
homogeneous sintering but may not be suitable for all
substrates as the substrate will be exposed to the same
sintering condition. In contrast, induction sintering and
electrical sintering offer selective sintering of nanoparticle
layers, but only work with metallic inks and require prethermal treatment to make them conductive.

In the early years, printed electronics is normally done
using traditional additive-based printing techniques that
require tool, mask, or stencil for the patterning of inks[9].
These traditional printing techniques include screen
printing, gravure printing, flexographic printing, and
offset printing. These techniques are compatible with
the roll-to-roll manufacturing process and allow the use
of flexible substrates, which makes them highly suitable
for mass production of flexible electronics. However,
the recent shift in the industry’s needs for custom-made
electronics has spurred the search for cheaper alternatives
for electronic fabrication because of the high initial
cost for the tools and stencils renders the traditional
printing techniques uneconomic for such purpose. In
contrast, three-dimensional (3D) printing, also known
as additive manufacturing, is found to be a better option
for the fabrication of highly customizable advanced
electronics[10]. At present, 3D printing techniques such as
inkjet printing[11], aerosol jet printing[12-15], and direct ink
writing[16] have been increasingly used by the industry
to manufacture advanced electronics that require fine
resolution and sophisticated geometry. Among which,
aerosol jet printing technique has gained much attraction
over the years due to its capability to process a wide range
of materials and the high printing resolution[17]. Besides, it
can also be used to integrate electronics on 3D structures,
making it suitable for realizing novel electronic designs[18].

Intense pulsed light (IPL) sintering is a type of photonic
sintering method that uses pulses of high intensity light to
sinter the nanoparticle inks[28]. The process uses a xenon
lamp that emits a broad spectrum of light with wavelength
ranges from visible light to UV light as the energy
source[29-31]. Unlike other sintering techniques, IPL sintering
can be done in a very short time and does not induce
significant damage to the substrates. The performance of
the IPL sintering technique depends on various factors
such as the light intensity, the type of substrates, the ink
composition, the light absorption of the nanoparticle, and
the thickness of the printed film. Despite the advantages of
IPL technique, it is widely known that the process can cause
defects such as cracks and delamination of the printed
film due to the rapid vaporization of the gases originating
from the organic compounds[32]. These defects can cause
undesirable and inconsistent performance of the electrical
circuit or electronics components. Severe delamination
can also restrict the use of the IPL-sintered conductive film
for multilayer electronic designs which requires additional
insulating or functional layers atop of the printed
conductive film such as the case of electrochemical sensing
electrodes. Although this issue can be solved by using back
irradiation rather than top irradiation, it is only limited
to transparent substrate[31] and does not address the issue
for some samples that requires top irradiation. Although
preheating the samples is found to be helpful in reducing
delamination in certain cases, it may not solve the issue
entirely for thicker samples[33].

Regardless of the printing techniques, the functional
inks remain the key ingredient to achieving the low
processing temperature for printed electronics[19,20]. To date,
various types of functional inks such as silver nanoparticle
inks, gold nanoparticles inks, and silver nanowire inks have
been developed to cater for different applications[4,21,22].
Functional inks generally contain several components,
namely, the active material, the solvent, the binder, the
surfactant, and other additives[20]. The active materials and
binder made up the main materials of the printed layers
that determine the type and property of the layers, whereas
the other materials such as the solvent, surfactant, and
other additives will be removed in the sintering process.
Volume 1 Issue 2 (2022)
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In this work, we explore the use of IPL sintering technique
for sintering aerosol jet printed silver nanoparticle film
for printed electronics applications. Although there have
been many works that investigate the effect of various
process parameters on the performance silver nanoparticle
film[34-39], no study has investigated the interplay between
the sintering parameters and film thickness on the quality
and the performance of the sintered film. The objective
of this work is to find out the process window of the IPL
sintering process to achieve crack-free films with low
sheet resistance for aerosol jet printed film with different
thicknesses. To better analyze the correlation between
different factors such as sintering distance and print passes
on the surface morphology and electrical property of
the printed film, a multi-objective optimization method
was adopted. Here, a modified central composite design
(CCD) was used to study the relationships between the
quality of the sintered films and the main printing and
sintering parameters. Analysis of variance (ANOVA)
was conducted to examine individual effects and the
interactions of the main variables on the sheet resistance
and surface roughness of the sintered thin films. The
results of analysis suggest that the CCD-derived models
are statistically meaningful. The modified CCD-derived
models were then optimized by a desirability function
method, and a 2-dimensional (2D) optimal printing and
sintering window were determined to yield thin film with
low sheet resistance and low surface roughness. Following
that, the derived statistical models were jointly driven
with a non-dominated sorting genetic algorithm (GA)
to systematically optimize the conﬂicting responses in
a more robust manner. The findings demonstrate the
effectiveness of the suggested multi-objective optimization
approach in reducing the conflicting responses. This work
presents useful guide for future attempts to optimize the
IPL sintering parameters for various nanoparticle-based
film such as gold for good electrical conductivity and low
surface roughness for fast fabrication of multi-layered
electronics such as electrochemical electrodes.

Polyimide substrate was used in this work because it
is widely used in the field of printed electronics for the
fabrication of flexible electronics and wearables due to the
good material property and thermal compatibility. The
polyimide substrate was first cleaned with soap water and
ethanol to remove the inorganic and organic contaminants
on its surface. This was done to ensure that the surface
wettability of the surface was uniform to ensure consistent
print quality and film adhesion. No surface modification
was done on the polyimide substrate.
2.2. Fabrication of test coupons
Each test coupon is made up of four conductive thin film
printed on polyimide films which can ensure at least a
sample size of n = 3 for each test condition for statistically
meaningful analysis. The diameter of the coupon is 1 cm.
The tool path for the print head is designed to have a line
pitch of 120 µm to ensure sufficient overlapping between the
adjacent lines for formation of homogeneous film. A spiral
tool path design was used for the 1 cm diameter circles. The
printing of ink was done using an Optomec™ Aerosol jet®
5X system (Figure 1A). Ultrasonic atomizer was used for
the printing of silver ink. For good printability, the process
parameters for printing the silver ink onto the polyimide
film were optimized to be as follows: sheath flow = 20
standard cubic centimeters per minute (sccm), atomizer
flow = 50 sccm, ultrasonic atomizer current = 0.6 A, print
speed = 10 mm/s, and the substrate temperature = 80°C.
2.3. Intense pulse light sintering of printed silver
film
The sintering of the printed silver nanoparticle film was
carried out using a Xenon™ S-1000 pulsed light system.
The IPL sintering system consists of a tabletop controller,
a sintering chamber, and an air-cooled lamp housing
(Figure 1B). The lamp operating voltage ranges from 2.25 to
3.80 kV. The generated pulsed light has a pulse duration of
520 µs and a pulse energy ranging from 290 to 830 Joules/
pulse depending on the lamp operating voltage. The
in-house-made sintering chamber consists of a chamber
that houses the sintering lamp and a height-adjustable
stage. The chamber serves to prevent stray light from
entering the lab and the height-adjustable stage allows for
the adjustment of pulse light intensity by controlling the
distance of the sample from the light source. As the light
intensity varies spatially, all the test coupons are placed at
the center of the stage and sintered with five light pulses to
ensure consistency.

2. Materials and methods
2.1. Materials
The silver nanoparticle ink that was used in this work is
UT Dots Ag40TE purchased from UT Dots®. The silver
nanoparticle is reported to have an average particle
diameter of 10 nm and it is dispersed in proprietary
solvents. The optimum sintering temperature of the ink
using conventional thermal sintering method is claimed
to range from 150°C to 200°C for at least 30 min. For
the substrate, Kapton® polyimide films with a thickness
of 75 µm were used for the fabrication of test coupons.
Volume 1 Issue 2 (2022)
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generate information that can be used for the optimization
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Figure 1. (A) Aerosol jet printing system (Reprinted with permission from[40]. Copyright (2019) American Chemical Society. (B) Intense pulsed light
system.

process. In this work, electrical property and the degree of
delamination are the two main optimization objectives.
As such, electrical property characterization and surface
roughness characterization were conducted to provide
information about the sheet resistance and the degree of
delamination of the sintered film, respectively.

described by the surface roughness parameters. It should
be noted that different surface roughness parameters are
often used to describe different types of defects or surface
anomaly. For instance, Ra measures the average deviation of
the surface over a sampling area (Figure 2A), Rz measures
the maximum deviation of the surface over a sampling area
(Figure 2B), and Rku measures the fourth power of the root
mean square deviation to display the dimensionless fourth
power of the sampling area (Figure 2C).

The electrical property was measured using a Lucas
Labs Pro 4 collinear probe station with a Keithley 2400
source meter unit. The measurements were done with the
collinear probes placed at the center of each printed circular
film. In this work, sheet resistance was used to characterize
the electrical property of the sintered film for a few reasons.
First, it is almost impossible to calculate the resistivity of the
sintered film with swelling and delamination morphology
as the cross section of the film cannot be determined
accurately using the equation ρ = RA/L (R: resistance,
A: cross-sectional area, and L: length) due to the nonuniform cross-sectional area[32]. Second, as IPL sintering
usually results in non-uniform sintering across the depth,
sheet resistance was used in this study instead of electrical
resistivity because sheet resistance is more meaningful in
terms of reflecting the actual electrical property of the IPLsintered films with different thicknesses. Furthermore, this
allows electrical circuit designers and engineers to easily
determine the number of print passes without the need for
quantifying the film thickness.

Each of these roughness parameters has its pros and cons
in terms of describing the severity of the delamination. For
example, Ra is useful for describing the overall severity of
the delamination but difficult to pick up small or localized
delamination, whereas Rz is useful for describing localized
out-of-plane delamination but tend to overestimate the
delamination severity of localized defects in relation to the
overall surface condition. Rku, on the other hand, is useful
for differentiating different defect morphologies. As the
delamination of the sintered film can happen in various
ways, it is vital to use different surface roughness parameters
such as Ra, Rz, and Rku to account for the different modes
of delamination. However, for the ease of the optimization
process and analysis, a single surface roughness indicator
is preferred over many different surface roughness
parameters. As such, we have adopted a surface roughness
indicator, S, as a linear sum of the normalized surface
roughness parameters multiplied by their assigned weights.
In this case, we defined the surface roughness indicator,
=
S w1 R a + w2 R z + w3 R ku with 0 < S < 1, w1 + w2 + w
=
1.
3
Each surface roughness parameter was normalized
with the highest values of respective surface roughness
parameters (Ra,max = 25.6 µm, Rx,max = 370.1 µm,
Rku,max = 172.0 µm) within the sample populations, and
the weights for each surface parameter are the same
(w1 = w2 = w3=1/3) to ensure equal contributions to the
surface roughness indicator, S. To illustrate the correlation
between the adopted surface roughness indicator and the

The surface roughness characterization was performed
using a Keyence VK-X200 confocal microscope coupled
with a ×10 magnification lens. The region of interest
was selected to be at the center of the circular film. As
the dimensions of a single scan region is approximately
1500 µm × 1000 µm, this can result in biased and selective
sampling. To avoid this, a large scanning region was created
by stitching nine different scan regions. This resulted in a
scanned region with a dimension of 4500 µm × 3000 µm,
which can better reflect the overall surface condition over
the sintered film. The severity of the delamination can be
Volume 1 Issue 2 (2022)
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earlier. The surface roughness parameter for each coupon
was obtained based on the average surface roughness
parameters (Ra, Rz, and Rku) of 3 regions of approximately
equal size, as shown in Figure 3.

actual sintered film condition, six different sintered films
obtained using different process parameters were used
and their corresponding surface roughness was analyzed
as shown in Figure 3. A qualitative comparison using
reconstructed confocal scans of the sintered films can be
found on Figure S1 of the supplementary document. The
S value was calculated based on the equation as described
A

These six sintered films are randomly selected (from
105 samples) simply to illustrate the different types of
delamination mode and severity. In general, the surface
C

B

Figure 2. Definition of different surface roughness parameters. (A) Ra, (B) Rz, and (C) Rku[41].
A

C

B

Figure 3. Correlation between surface roughness indicator and the severity of delamination of the sintered film. (A) Coupons with S <0.1 contains no
delamination, (B) coupons with S≈itho suffer mild delamination, and (C) coupons with S>0.3 have severe delamination issue. Turquoise lines show the
sub-sampling region for each coupon.
Volume 1 Issue 2 (2022)
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roughness indicator can be used to differentiate the
delamination of sintered film effectively. For instance, for
the sintered film with no obvious delamination, the surface
roughness indicator normally falls below 0.1 (S<0.1) as
shown in the two optical images (two different coupons)
in Figure 3A. For the moderately delaminated film which
has small, localized delamination, they normally fall in
the range between 0.1 and 0.25. Figure 3B shows the two
different coupons that contain small, localized surface
anomalies with a surface roughness indicator, S close to
0.14. Finally, Figure 3C shows the coupons with severe
delamination issue with a surface roughness indicator
value of higher than 0.3.

were printed for each film thickness (number of layers).
For each film thickness, the sintering distance was varied
from 40 to 70 with a step increment of 5 (7 levels). Hence,
a total of 105 (7 × 5 × 3) samples were printed in this study.
2.6. A desirability function approach
Here, a desirability function approach was used to transform
the two response variables (number of layers and sintering
distance) into a single response variable function in 2D
design space. The optimal sintering process parameters
could then be effectively evaluated by minimizing the
single response function. To assess the desirability of the
contradicting responses quantitatively, each independent
response yi is converted into an individual desirability
function, di. The desirability function, di, changes within
the range [0,1], where di = 0 indicates the independent
response yi is beyond the satisfactory range, and di = 1
implies the independent response yi achieves its target
value. Depending on whether a specified response yi is
required to be reduced or increased, different desirability
function di is utilized accordingly.

2.5. Design of experiment
To investigate the effect of the photonic sintering parameters
on the conductive ink printed with different thicknesses,
two factors were considered in this study, namely, (1) the
sintering distance, which directly influences the light
intensity received by the conductive ink, and (2) the
number of layers of the conductive ink, which determines
the thickness of the conductive film, t (Figure 4), were
varied. The correlation between the number of printed
layers and the film thickness can be determined using linear
regression as shown in Figure 4. In essence, the greater
number of print passes will lead to more material being
deposited onto the substrate, resulting in thicker films. This
correlation is useful for estimating the average electrical
resistivity, ρave of the sintered films with the obtained sheet
resistance, Rs using the equation, ρave=Rs∙t.

For minimizing a particular response, the desirability
function can be quantitatively calculated by a Smaller-TheBetter criteria (Eq. 1):
yi > U
0


r
 y − U 
(Eq.1)
di  i
=
 L ≤ yi ≤ U
L
U
−



yi < L
1

where U and L symbolize the maximum value and
minimum value of a target response, respectively. r is the
user-specified parameter (r>0) to indicate the shape of
desirability function di, discussion and descriptive figures
on the different choices of r are described by Wang et al.[42].

The conditions that were taken into consideration in
this study are shown in Table 1. The conductive films were
printed in different number of layers (1–5). Three samples

Then, the transformed individual desirability functions
can be merged into a single response variable function
(desirability function D) as shown in Eq. 2 to calculate the
overall desirability of the contradicting responses:

(

)

1

u
u
u
D = ( d1 ) 1 ( d2 ) 2 ( dn ) n ∑ui (Eq.2)

where ui are user-specified weights of the i-th response
(i=1,...,n) and n is the number of individual responses.
Following that, a statistical software Design-Expert® was used
to ascertain the optimal process parameters by maximizing
the single response of the overall desirability function.

Figure 4. Relationship between film thickness and number of printed
layers.

Table 1. Conditions considered in this study
Sintering distance (cm)
Number of layers

Volume 1 Issue 2 (2022)
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40, 45, 50, 55, 60, 65, 70

GA is a heuristic global optimization method inspired by
the theory of biological evolution where the generated new

1, 2, 3, 4, 5
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population can effectively receive the characteristics of
the best solutions of the precedent[43]. Besides that, due to
capability of simultaneously evaluating a set of generations
rather than individual solution, the GAs can converge fast
and have been widely used in various research areas for
multi-objective optimization[44,45]. A GA usually consists
of three key phases: crossover, mutation and selection.
Specifically, during the multi-objective optimization
process, the genetic operations of crossover and mutation
can be utilized to encourage the variety of the generated
oﬀspring[46]. Following that, the selection operator will
be adopted to evaluate and choose best solutions from
a set of generations. Although the methodologies of
selection can be classified into different types, including
tournament-based selection and proportional selection, a
non-dominated sorting GA III (NSGA-III) was employed
to optimize the conﬂicting responses in this research[47,48],
which reduced the contradiction between the responses in
an objective manner.

Table 2. ANOVA results for sheet resistance
F‑value

P‑value

Model

44.50

<0.0001

A‑Sintering distance

50.30

<0.0001

B‑Print layers

128.39

<0.0001

AB

8.45

0.0045

A²

0.5021

0.4803

B²

3.48

0.0650

AB²

6.75

0.0108

A≥

4.39

0.0387

1.07

0.3961

Residual
Lack of Fit

The relationship between varying factors (number of
layers and sintering distance) and the resulting responses
(sheet resistance and surface roughness indicator) was
formed by fitting the data using response surface method
(RSM). The reduced cubic model and the reduced sixth
model were used for the sheet resistance and the surface
roughness indicator, respectively. For simplicity, surface
roughness was used in place of surface roughness indicator
for the rest of the discussion. The ANOVA technique
was used to study the significance of the main effects (A:
Sintering distance and B: Number of print layers) and the
interactions on the responses. The probability of F value
greater than calculated F value due to noise is indicated
by P-value. P < 0.05 signifies the corresponding design
parameter has effect on the mechanical property. ANOVA
results (Table 2) reveal that both sintering distance and
number of print layers have significant impact on the sheet
resistance of the sintered film, registering P-value smaller
than 0.0001 for the main effects. It was also noted that the
interactions AB and AB2 also registered P = 0.0045 and
0.0108, respectively, indicating there is a combined effect
of the factors on the sheet resistance, or in other words, the
effect of one factor is dependent on the level of the other
factor.

R²

0.7625

Adjusted R²

0.7454

Predicted R²

0.7185

Adeq Precision

21.7425

respectively. The higher order of interactions indicates that
the response is highly non-linear.
To check the model accuracy, the residuals of the
derived models were computed by studentized residuals
in standard deviation units. The normal probability of the
studentized residuals for the target responses are presented
in Figure 5, as the studentized residuals scattered along a
straight line with little deviation, the modeling results are
statistically acceptable. Furthermore, Figure 6 shows the
model residuals versus test orders. As the residuals spread
randomly around the center line without noticeable trend,
they are considered independent from each other, thus
excluding the effect of the test orders on the derived CCD
models.
Figure 7 demonstrates the predicted sheet resistance
and surface roughness versus actual printed sheet
resistance and surface roughness, and the diagonal
line drawn in Figure 7 is x (actual value) = y (predicted
value). The high R2 and Adeq. precision values suggests
that the input-output relationship between the sintering
process parameters and the sheet resistance and surface
roughness are successfully recorded by the derived CCD
models. Based on the ANOVA results, the input-output
relationship for the responses of sheet resistance, Rs, and
surface roughness, RSR, with coded units for sintering
process can be expressed as follows:

For the surface roughness, ANOVA results (Table 3)
reveal that both sintering distance and number of print
layers have significant impact on the surface roughness
of the sintered film, registering P-values of smaller than
0.0001 and 0.0009, respectively. It was found that most
of the interactions were found to be significant up to the
sixth order, with a few exceptions for A2B, A3B, B4, and
A4B, registering P = 0.3618, 0.7594, 0.061, and 0.1762,
Volume 1 Issue 2 (2022)
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ln (Rs×104) = −11.21 + 1.21A − 0.6126B − 0.2357AB +
0.0704A² + 0.1705B² − 0.3562AB² − 0.3894A³
ln RSR = −0.9469 + 2.45A + 0.7624B − 2.42AB + 2.53A²
− 2.03B² − 0.5648A²B − 1.36AB² − 5.94A³ + 0.5038B³
+ 0.9995A²B² − 0.5000A³B + 3.04AB³ − 11.02A⁴ +
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0.7784B⁴ + 1.51A³B² − 0.6597A²B³ + 0.6386A⁴B +
2.86A⁵ -3.16A³B³ + 2.70A⁵B + 7.24A⁶

Table 3. ANOVA results for surface roughness
Source

F‑value

P‑value

Model

41.00

<0.0001

A‑Sintering distance

57.09

<0.0001

B‑Print layers

11.86

0.0009

AB

13.17

0.0005

A²

3.48

0.0657

B²

18.74

< 0.0001

A²B

0.8409

0.3618

AB²

18.14

< 0.0001

A≥

30.57

< 0.0001

B≥

4.53

0.0362

A²B²

23.99

< 0.0001

A≥B

0.0944

0.7594

AB≥

23.35

< 0.0001

A⁴

7.85

0.0063

B⁴

3.61

0.0610

A≥B²

15.63

0.0002

A²B≥

2.69

0.1049

A⁴B

1.86

0.1762

A⁵

12.60

0.0006

A≥B≥

17.61

< 0.0001

A⁵B

5.58

0.0205

A⁶

7.32

0.0083

1.82

0.0569

where the high levels of the factors are coded as +1 and
the low levels are coded as −1.
It can be seen from Figure 8A that the slope of the
gradient for the sheet resistance over the number of print
layers increases as the sintering distance becomes larger. It
is observed that at lower number of print layers, the effect
of the sintering distance on the sheet resistance is extremely
prominent, in which larger sintering distance gives rise to
higher sheet resistance. The effect becomes less prominent
as the number of print layers increases.
The surface roughness does not scale linearly with the
print layers nor the sintering distance (Figure 8B). A global
peak is observed at print layer equal to three and sintering
distance of 60 cm. The surface roughness drops sharply as
the print layer reduces to 1 or sintering distance approaches
70 cm. The decrease is less drastic at higher print layers and
sintering distance lower than 60 cm.
For high quality sintered film, both the sheet resistance
and the surface roughness should be low. From Figure 9A,
the sheet resistance is lowest in the region of high numbers
of print layers and small sintering distance. The surface
roughness, on the other hand, is lower at small number of
print layers or at sintering distance of 70 cm (Figure 9B).
The conflicting relationship results in a need to reach a
compromise between the two parameters.

Residual
Lack of Fit
R²

0.9121

Adjusted R²

0.8898

Predicted R²

0.8600

Adeq Precision

21.2984

To identify the optimum condition for high quality
sintered film, a desirability function approach was used (Eq.
2), where the multiple response variables were merged into a
single response function established on a certain metric. In the
overall desirability function, the weights of sheet resistance
and surface roughness were initialized with the same value.

A

B

Figure 5. Normal probability plots of the residuals for (A) sheet resistance and (B) surface roughness.
Volume 1 Issue 2 (2022)
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A

B

Figure 6. Model residuals versus test orders for (A) sheet resistance and (B) surface roughness.
A

B

Figure 7. Predicted line values actual values for (A) sheet resistance and (B) surface roughness.

In addition, the minimum value and maximum value set
for the sheet resistance and the surface roughness indicator
are [3×10-2, 1.07] Ω/sq and [0.034, 0.922], respectively. In
this case, the optimal number of layer and sintering distance
determined from the desirability function are 2 and 42.5 cm,
respectively, and the overall desirability is 0.878 (Figure 10).

Volume 1 Issue 2 (2022)

The desirability function approach can optimize the
conﬂicting responses by merging the multi-objective vector
into a single objective. As the attained optimal solution
is very sensitive to the user speciﬁed weights used in the
optimization process, there is a need to determine a set
of Pareto-optimal points as alternate solutions in place of
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Figure 8. Response surface curves for (A) sheet resistance and (B) surface roughness with respect to the sintering distance and number of print layers.
A

B

Figure 9. (A and B) Conflicting relationship between sheet resistance and surface roughness with respect to the number of print layers and the sintering
distance in the sintering process. Arrow indicating the direction towards lower values.
A

B

Figure 10. 2D map for the desirability function (A) over the entire studied process window and (B) zoomed in at the region with highest desirability. Red
indicates high desirability and green indicates low desirability.
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Table 4 summarizes the system settings of the adopted
multi-objective optimization approach. Based on the
proposed flow chart, the optimization process will be
repeated if the employed NSGA-III does not reach its
convergence. On the contrary, the convergent optimization
algorithm will generate the corresponding Pareto front set as
candidate solutions for the optimization process. However,
as it will be inefficient to utilize the whole Pareto solution
set during the evolution process, an aﬃnity propagation
approach is adopted to select the clustering centroids as
representative solutions[49], which will be helpful to further
enhance the efficiency of the optimization process.

an individual point, particularly when prior knowledge
about the underlying optimization problem is unknown.
In this case, the derived statistical models were jointly
driven with the NSGA-III to systematically optimize the
conﬂicting responses in a more robust manner. Figure 11
demonstrates the flow chart of the adopted GA-based multiobjective optimization approach. During the optimization
process, the input factors including sintering distance and
number of print layers were characterized by the string of
chromosome, and the proposed binary encoding of the
chromosome pattern is shown in Figure 12, in which each
process parameter looks like a gene that undergoes crossover
and mutation in NSGA-III. Based on the experimental
design and ANOVA results as discussed above, the attained
statistical models were driven with the NSGA-III, and the
two contradicting objectives (sheet resistance and surface
roughness) were optimized in terms of minimization.

Figure 13 demonstrates the optimization results with
respect to the conflicting relationship between the surface
roughness and sheet resistance. As shown in Figure 13A-C,
to ensure the convergence of the optimization process,
the generations were increased until the obtained Pareto
front remains stable. Under such circumstances, the
corresponding Pareto optimal set based on clustering is
shown in Figure 13D. Generally, the clustering centroids of
the attained Pareto optimal set as shown in Table 5 can be
selected as the representative solutions of the optimization
process[42], which will be helpful to extend the selection
Table 4. System settings of the adopted multi‑objective
optimization approach
Parameters

Settings

Number of input parameters

2

Number of statistical models

2

Objective functions

Figure 11. Flow chart of the adopted genetic algorithm-based multiobjective optimization approach.

2

(1) Obj_1=sintering distance

Minimization

(2) Obj_2=number of print layers

Minimization

Constraints of adjustable parameters

2

(1) Sintering distance (cm)

[40, 70]

(2) Number of print layers

[1, 5]

Population size of NSGA‑III

300

Crossover probability

0.9

Mutation probability

0.01

Maximal generations

2000

Table 5. Identified clustering centroids of the obtained
Pareto optimal set

Figure 12. The chromosome encoding pattern in NSGA-III.
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Solutions

Sintering
distance
(cm)

Number of print
layers (→closest
integer)

Sheet
resistance
(Ω/sq)

Surface
roughness
indicator

Solution 1

41.47

3.08 (→3)

6.31×10‑2

0.168891

Solution 2

42.27

1.91 (→2)

‑2

7.42×10

0.09184

Solution 3

42.33

1.74 (→2)

9.30×10‑2

0.04964
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A

B

C

D

Figure 13. Optimization results with respect to sintered line features. (A-C) The variation of the obtained Pareto front under the generations of 500, 1000,
and 2000, respectively. (D) The obtained Pareto optimal set corresponding to (C).
A

B

C

D

could be used to further extend the selection. Compared
with the desirability function, the non-dominated sortingbased multi-objective optimization approach can provide
different selections according to users’ preference, which
will be beneficial to trade-off the conﬂicting responses in a
more objective manner.
To verify the solutions, we have identified two solution
sets that are close to the obtained Pareto optimal sets, which
are Set 1 (sintering distance: 41.5 cm; print layers: 3) and
Set 2 (sintering distance: 42.5 cm; print layers: 2). Figure 14
shows the optical images and the sheet resistance of the
sintered silver film. The results suggest that the proposed
approach can effectively identify a set of Pareto-optimal
points for designers. Furthermore, the circuit designer
could select the preferred solution from a set of Paretooptimal solutions rather than from a single point, and the
selection could be further extended from the cluster that
the chosen solution represents, the surface morphology,
and electrical property of the sintered film could be
optimized in more robust and systematic manners.

Figure 14. Optical images and confocal micrographs showing the surface
morphologies of (A and C) Set 1 and (B and D) Set 2 as well as their
corresponding surface roughness and sheet resistance.

for designers and optimize the printing quality in a more
robust manner. However, as the number of print layers is
limited to be an integer in this research, some approximate
solutions such as (42.22, 2) and (41.50, 3) can be selected
from the optimal Pareto front to replace the initial
solutions, and more solutions from the selected cluster
Volume 1 Issue 2 (2022)

3. Conclusion
In this work, a conflicting relationship between the
electrical property and physical property of the photonic
sintered silver thin film prepared using aerosol jet printing
12
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technique is observed. As such, a hybrid multi-objective
optimization approach is proposed to find the optimum
solutions within the operating windows. In the proposed
methodology, the response surface methodology is used to
study the individual effects and their interactions of the main
variables on the sheet resistance and the surface roughness
of the printed silver film. The conflicting relationship
between the sheet resistance and the surface roughness was
ascertained by the RSMs. Then the 2D optimal operating
windows were ascertained by a desirability function
approach to reduce the inherent conflict of the print passes
of the printed film and the sintering distance of the IPL
sintering process. Thereafter, the derived RSMs and the
corresponding statistical uncertainty were jointly driven
with the NSGA-III to methodically optimize the overall
printing quality in 2D space. The experimental results
demonstrate that the suggested hybrid multi-objective
optimization approach was advantageous to reduce
the contradiction between the sheet resistance and the
surface roughness, yielding printed films with low surface
roughness and low sheet resistance.
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