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ABSTRACT

In this paper, we propose a fast, simple, low-cost and high-performance curing
method, “lamination curing”, to activate silver nano-particle inkjet printed flex-
ible electronics, as a new and advantageous alternative to the existing curing
methods. Proposed method is tested together with the most widely-used method
in the literature (oven curing), and provided a lower sheet resistance and fabri-
cation uncertainty. The method provided a major advantage of curing the low
thermal resistant substrates at higher temperatures without distortion and under
3 min (~2 mm/s). Microstructure images approved the lamination curing provided
a better aggregation, matching with the higher conductivity. Effects of different
curing parameters on the resulting conductivity and uncertainty are analysed for
both methods. Finally, printed patterns are applied and tested as angle sensors,
and found to have more consistent angle sensing behaviors with higher overall
sensing performance when lamination cured. We state lamination curing as an
advantageous and reliable alternative to oven curing and other fast curing meth-
ods both for sensor and circuitry printing implementations.
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1 Introduction facilitate printing, which avoid conductive particles to

contact each other [7]. Sufficient percolation through

Inkjet printing is the most preferred method for the
flexible electronics, especially in R&D applications [1].
Silver nanoparticle (Ag NP) inks are one of the wid-
est used materials both for the passive and active cir-
cuit elements [2-6]. Despite the relatively simple and
fast printing process provided by the inkjet method,
Ag NP inks require post-printing curing processes to
become electrically conductive, as the ink solutions
contain non-conductive compounds (stabilizers) to
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the conductive particles needs to be reached for high
conductivity and stable performances of the printed
elements [8].

Table 1 lists the reported curing methods in the lit-
erature [7, 9, 10], in terms of their performances in con-
ductivity, curing speed, resulting film and substrate
quality, financial and technical cost, and compatibil-
ity with R2R (roll-to-roll) processes. While none of the
existing methods provide sufficient solutions in all of
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Table 1 Advances (green) and open problems (red) in curing methods for inkjet printed nanoparticle films

Method Conductivity — Speed Film quality =~ Substrate Cost Compatibility Uncertainty
quality with R2R

Oven @3 @

Hot Plate @ €

Photonic @ @ ©

Laser @ @

Plasma 0

Electrical @ dx B

Microwave @ @ é _

Chemical _ @ € R

Gray cells refer to the not reported fields. Refer to the reviews [7, 9, 10] and Table 5 for further detail on the listed information

“ and ” refer to the conductivity levels above and below 107 S/m (~ 6 times bulk silver resistivity) respectively. “* near half conductivity

of bulk silver was achieved. ¢ 15 min to several hours, “* several hours.? less than 5 min. %* requires pre-heating ¢ no related problems

reported. / poor adhesion. ¢ large pores. " non-uniform density.  abrupt roughness. / Thermal distortion at low thermal resistant sub-

strates. /* same type distortions also at high resistant substrates. ¥ coatings and thermal process needed / no damage. “Cost” stands for

technical and financial expenses, with green and red indicating low and high. " due to long processing times. ™8 not reported.  frequent

hot spots, not up-scalable. " uncontrollable parameters. ” placement dependent

these aspects, the most problematic issue comes as
the damages given to the substrates by the employed
curing methods, particularly to the ones with lower
thermal resilience. The main reason for this is the fact
that most curing processes (removal of the capping
agents and diffusion of the conductive particles to
form percolation paths) rely on exposing the printed
films to heat. When the substrate exceeds its glass
transition temperature, thermal distortions are likely
to occur. While oven and hot curing methods expose
the substrate+printed film to heat together, photonic
curing, laser curing, electrical curing, and microwave
curing methods aim to apply selective heating in order
to reduce the thermal damage on the substrate [11, 12].
Microwave curing is the only of these methods, report-
ing non-destructive curing on a relatively low glass
transition temperature substrate (PEN), at a short cur-
ing time and high conductivity. However, this method
is yet not fully reliable due to the frequent hot spot
occurrence [7].

The mentioned nonselective thermal methods are
the most widely used methods due to their low finan-
cial and technical costs. However, they require long
curing times (15 min to several hours), longer for the
low thermal resistant substrates. Long processing
times reduce the applicability of the methods for the
cases such as rapid prototyping or R2R manufactur-
ing, resulting in the loss of the advances the inkjet
printing process introduces.

Selective thermal methods such as photonic cur-
ing, laser curing, and electrical curing on the other
hand were reported to provide high conductivities
in significantly short curing times, for high thermal
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resistant materials. However, the rate and the mecha-
nism of heating cause failures in the film quality, such
as excessive pores, roughness, or poor adhesion to the
substrate, which constitutes another critical limitation
in the field. Furthermore, electrical and photonic cur-
ing methods were reported to thermally damage even
the highly thermal resistant substrates [9, 12]. Photonic
and laser curing also require much higher financial
and technical investments compared to the other ther-
mal curing methods [13], as well as the higher costs for
thermal-resistant substrates.

To overcome the temperature-related issues, non-
thermal curing mechanisms are also reported. Plasma
curing being one of them, is one mechanism that was
reported to perform safely on a low thermal resist-
ant substrate. However, plasma curing comes with
drawbacks in all other aspects, such as several hours
of curing time, highly non-uniform film density, lim-
ited conductivity, and high cost [9]. Chemical curing
method is a low-cost and rapid method to dissolve
and remove the non-conductive compounds from the
printed film, with chemical agents. However, some
studies reported thermal sintering was still needed for
sufficient conductivity [6, 7]. In addition, the chemi-
cal coating of the substrate prior to the printing limits
the applications due to the coating technology such as
double-sided printing [14].

Finally, the methods need to be robust and repro-
ducible in order to avoid adding uncertainty to the
final products. Flexible electronics especially applied
in small-scale systems (such as soft robotics) are likely
to introduce uncertainty and make the systems hard to
estimate, model, and control. In such cases, fabrication
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uncertainties become dominant, including the curing
process effects [8, 15]. While the methods like laser and
photonic curing potentially reduce the uncertainty due
to their precise controllability, methods such as oven
curing and microwave curing are less controllable
and their contribution to the final device uncertainty
is unknown [7, 9].

With this study, we aim to develop a new curing
method, that enables fast, low-cost, efficient, and reli-
able activation of the inkjet printed Ag NP patterns,
applicable for different substrates. We also aim to
develop an understanding of the uncertainty intro-
duced by the curing process, in order to eliminate or
predict their effects on the final devices.

2 Methods

We propose and investigate a new curing method,
using a laminator machine. We analyze the sample
performances and uncertainties both for their electri-
cal conductivity and for their application as angle sen-
sors. In addition to experimenting with also oven cur-
ing (as being the most commonly used curing method)
for direct comparison, we present a further evalua-
tion of the proposed method compared with a wider
range of curing methods in Sect. 4.2.1, based on the
related literature. The flow of the used methodologies
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is summarized in Table 2, details are given under the
corresponding sections of the main text.

2.1 Inkjet printing

For the main set of experiments, a commercial Ag NP
ink (NovaCentrix JS-B25p) is used [16]. The ink was
reported to have an average particle size of 71.9 nm
(95.5%—102.3 nm, 6.5% —14.53 nm) with 25wt% solid
compound (Ag NP) [17-19]. It is defined as an aque-
ous dispersion by the manufacturer with polymeric
capping agents surrounding the nano particles, that
require curing to dissolve, and other volatile poly-
meric compounds of surfactant and humectant. The
ink was reported to have polyethylene glycol 4 (tert-
octylphenyl) ether as particle coating, and ethylene
glycol as a solvent in [17, 18]. It has a 4.60 cP viscosity
at 22°C, and the surface tension is 31.2 dynes/cm [17].

Usage of the ink with the pigment-based ink com-
patible office-type inkjet printers is well established
and recommended by the ink company [4, 16, 17].
Samples are printed using an Epson L3150 office type
desktop inkjet printer [20], following these criteria.
Printer has a piezo printhead, with 180 nozzles for
black and 59 nozzles per color (cyan, magenta, yel-
low). It has a 5760 x 1440 dpi print resolution, with 3
pl minimum droplet size.

Table 2 Summary of the methods and tools used to investigate and compare the effects of the developed lamination curing and the con-

ventional oven curing

Process Inspection

Tools

Printing

Oven curing
and times, Thermal distortion

Lamination curing

Thickness of protective envelope layers, Feeding
direction, Contact load by the rollers

Electrical Conductivity tests Sheet resistances, Dependency on the fabrication
and curing parameters mentioned in the previous

Pattern placement, Ink and substrate coating*

Sample size and placement, Curing temperature

Curing temperature, Number of lamination cycles,

Inkjet Printer (Two types)*, Silver NP ink (Two
types)*, Coated PET substrate, Uncoated PI sub-
strate*, Pattern set I (Fig. 1c)

Oven, Cut and whole samples (Fig. 1d, c),

Laminator, Thermo-resistor, Flexible force-sensitive
resistance sensor

van der Pauw method, LCR-meter, p-value correla-
tion significance tests, Pattern set I & II (Fig. lc, e)

rows, Pattern geometry, Time-dependent shifts

Microstuctural analysis
Angle sensing
resilience

Curing efficiency analysis ~ Heat transfer effects

Sensing parameters (see Fig. 11), Mechanical

Particle aggregation, Surface asperities, Thickness ~SEM

Angle sensor pattern (Fig. 1f), 3D printed bending
setup, Bending tests
Lumped parameter model

Details are explained in the main text, under the corresponding sections

*The second type of ink, substrate, and printer are used only for the coating effect inspection
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Ink is filled into all the printer cartridges. Printing
parameters are set as; colored, highest quality, Epson
premium glossy photo-paper. High speed print option
is unchecked (note that later experiments with checked
high speed option showed no significant difference in
the sheet resistances and sensing behaviours of the
printed samples).

As the substrate, the silica coated microporous PET
substrate Novele IJ-220 by Novacentrix is used, as rec-
ommended by the company and well studied before
[19, 21]. PET substrate has 140 + 12 ym thickness, and
nanometer-scale pores at the surface which tunnel to
depths of 20 um. The average surface roughness was
reported as 10.7 nm. Surface architecture of the sub-
strate facilitates the curing and the following sinter-
ing processes by letting the flow of the solvent into
the substrate pores. It is also theorized the chemical
agents in the coating diffuse into the nanoparticle film
and helps the decompostion of the capping agents [8,
22]. A polyimide substrate (125 ym thick Kapton) is
also tested to inspect the curing performance on an
uncoated surface. As the existing ink technology does
not allow proper printing on the uncoated substrates
by using desktop printers, we employed Dimatix
Materials Printer DMP-2800, and the silver dispersion
PN-736465 by Sigma-Aldrich. Ink has 30-35 wt% silver
nanoparticle content (particle size < 50 nm) in trieth-
ylene glycol monomethyl ether. Its surface tension is
approximated as 35-40 dyn/cm and viscosity as 10-18
cp [23]. A single nozzle of the print head with a 10 pl
drop size is used. Drop spacing was set to 20 ym, and

Source High Source Low
a. 3 4
1 C.
. n
b. Flow High 1 Flow Low Protective layers §
=
Lamination feeding direction d top §
~ ° n
2
R U=
Silver printed PET substrate (0.14 mm) a n
d bottom
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the printed drop diameter was measured as 60 ym.
The platen temperature was 50°C.

Two sets of patterns are used for the experiments.
Pattern set I (Fig. 1c) consists of 9 equally distributed
1x1 cm squares (3 columns and 3 rows) to inspect
the placement (or printing order) effects on the sheet
resistances and the reproducibility. To define the
uncertainty, the mean relative standard deviation
value is calculated as,

i

Q
o N

N
i
N

O

(1)

mean relative SD =

where N is the number of columns and ¢, and ¢ are the
standard deviation and mean of the sheet resistance
values within a column.

2.2 Curing
2.2.1 Oven curing

Memmert UN 55 natural convection laboratory oven
[24] is employed for the oven curing experiments. 100
°C and 120 °C curing temperatures are tested for 15,
25 and 60 min curing times to investigate the curing
capabilities. (Note that above 120 °C, the PET substrate
starts to distort profoundly due to its low glass transi-
tion temperature of 70 °C.) Placement of the samples
into the oven and the oven timer setting are done only
after the oven reached the set curing temperature.

d. Oventray <= w
e = o= o <
Magnets 4= = = = f. w
— ® = 8 5 = S | 3
(First prirjnted) He o =e  _o=.___]e. 3
T B——m
== == = = =
- a |3 P —
§ =} § o § o § lcm
L] s = = = :*I‘i
(Last printed) §_° e ——— _!

Folded end

Fig. 1 a Measurement configuration used with the four terminal
LCR-meter for a sample with an arbitrary aspect ratio. A square
sample is used for the van der Pauw method measurement (c—e).
b Schematic representation of the lamination configuration of the
silver patterns printed substrate and sandwiching protective lay-
ers. The edge of the thinner layer is folded at the feeding side, to
avoid any slip between the layers. ¢ Schematic representation of a
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printed sample (pattern set I) at uncut configuration. d Schematic
representation of sample placement on the oven tray for curing at
cut configuration. PET substrate is fixed on the tray with magnets
at the corners. e Pattern set II, used for the pattern geometry and
time-dependent shift experiments. f Angle sensor patterns used in
the bending tests
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Oven air flap is set 50% open for all experiments due
to the expected evaporation of the solvents.

Placement into the oven (positioning of the tray)
and the size of the samples (cut or whole) are also con-
sidered as the parameters in the uncertainty analysis,
as they were observed to affect the resulting resist-
ances during our previous studies. Among the 4 levels
of slides in the oven chamber, level 2 and 3 (numer-
ated from bottom to top) are tested with cut (Fig. 1d)
and uncut letter-sized (whole) samples (Fig. 1c). Oven
cured sample data all together had a population num-
ber of 171. p value correlation significance test is used
to detect the possible dependencies of the sheet resist-
ances to the mentioned parameters.

2.2.2 Lamination curing

A low-cost (<150%) desktop laminator, Olympia A 3048
[25], is used to cure the printed samples. The device
uses two pairs of heating roller presses to laminate
foils in a range of 80 to 250 ym of thickness. While the
method does not involve the lamination of any extra
layers on the samples, it benefits from the heat and the
pressure the rollers apply on the printed film.

Heating levels of the laminator device are originally
defined in ym based on the targetted foil thicknesses.
Corresponding temperature levels are estimated to be
in the range of 130 to 170 °C, by passing a thermistor
through the laminator. The contact load applied on the
substrate for a total thickness of 500 ym is estimated as
5N/cm, by passing a 1 cm width force-sensitive resis-
tor (RP-L-170 [26]) through the rollers.

PET layer is enveloped between two paper layers
to avoid direct contact with the rollers (Fig. 1b). Three
heating levels of the device (80 ym (130 °C ), 125 ym
(140 °C), 250 um (170 °C)) are used with different pro-
tective paper thicknesses and numbers of lamination
cycles (number of pass) to optimize the curing pro-
cess. Device has a 600 mm/min laminating speed and
a warm up time about 3-5 min at room temperature.

For the investigation of the effects of the pattern
placement, printing direction (order), and feeding
direction into the laminator, uncut samples (pattern
set I, Fig. 1c) are fed into the lamination machine in
both the opposite direction (feed direction 1) and the
same direction (feed direction 2) as the printing direc-
tion (Fig. 1b). Lamination cured samples are analyzed
in two populations, population 1 (n = 36) fed in direc-
tion 1, and population 2 (n = 45) fed in direction 2. 24
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members of population 2 were cured after being cut
into single columns and not included in the column
dependency analysis. p value correlation significance
test is used to detect the possible dependencies of the
sheet resistances to the mentioned parameters.

2.3 Electrical conductivity inspections

Sample resistances are measured with the LCR-meter
with the configuration in Fig. 1a, by directly contact-
ing the device probes on the corners of the printed
patterns. In order to obtain the sheet resistances (i.e.
surface resistivity, square resistance), van der Pauw
technique is preferred as it is a more feasible method
for small sized patterns compared to the four probe
method [27, 28]. The square pattern resistances (R(r,)
at aspect ratio r, = 1, Fig. 1c—e) and (2) are employed.
V34

sheet = 4.532 - I_ )
12

R

I, is the current flow given to the specimen through
points 1 and 2, and V3, is the measured voltage drop
between points 3 and 4, are employed [27]. To estimate
the conductivity from the surface resistivity, cured
film thicknesses are measured approximately using
the cross section images captured with SEM. In order
to investigate the pattern geometry effect on the sam-
ple resistance, and the shifts in the sheet resistances
with the time, the pattern set II (Fig. 1e) consisting
of 9 rectangles with varying aspect ratios (1 to 50) is
printed and cured with both curing methods. Lamina-
tion curing configuration is selected as described in
Sect. 2.4. Oven curing is performed at 120 °C (higher
temperature) and 15 min, to compare with the most
stable resistances.

2.4 Microstructural inspection

The microstructures of the printed samples cured with
the proposed lamination method and the conventional
oven curing method are inspected under SEM to com-
pare the curing effects. Curing parameters are selected
as the ones that are found to provide the best perfor-
mance (lowest uncertainty, lowest resistance, least
thermal distortion) for both methods: Oven curing at
100 °C for 60 min, Lamination curing at 170 °C, with 3
passes, and 0.12 and 0.21 mm top and bottom protec-
tive paper layers (Sect. 3). Following the printing and
curing of the samples, they are bent to form a crack
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and inspect the film over this cross-section, as well as
the surface.

2.5 Sensor behaviour testing

As a case study, resistive angle sensors (Fig. 1f) are
printed, and cured with both methods, to test the pos-
sible curing method effects on the electromechanical
properties and the mechanical behavior of the film and
the PET substrate.

A 3D printed setup is used to test the angle sen-
sor behaviors of the samples (Fig. 2). Sensors are bent
from 0 ° (flat position) to 90 ° both in compression and
tension directions. The approximate radius of curva-
ture of the sensors at 90 ° is 1 mm. Sensor responses
are measured with a simple voltage divider circuit
and a 14-bit data acquisition card at 20 Hz. The rota-
tional joint is actuated with a servo motor (Dynamixel
XL430-W250-T).

A triangular wave between 0 — 90 ° at 10 sec period
and a stepwise trajectory of 10 ° steps with 5 s stops
from 0 to 90 and back to 0 ° are used for the tests

"\- »
“ o 7

M Sensor -

samples/f

%0‘3““

Fig. 2 a Experimental setup used for testing the cured samples
under low radius of curvature bending for an angle sensing appli-
cation case. b Side view of the samples at 90 ° bending angle

n=171, p-value=0.01 n=171, p-value=0.80

n=36, p-value=8.59¢-06
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(graphically represented in Sect. 3.6). Stepwise trajec-
tory is aplied with two different deceleration profiles
(sharp and smooth) [14] to investigate the robustness
of the sensor behaviours to dynamic effects. Mean
resistance data is obtained from last 1 s of each step.
Cyclic and static drift, % resistance change, nonlinear-
ity, hysteresis, and dynamic dependency characteris-
tics are considered. They are calculated and tested as
in [14]. An overall score is calculated with the formu-
lation in (3) based on all performance parameters (p)
(listed in Fig. 11).
. Pi—Puworse
P Phest—Pworse
n

®)

Overall Score =
P

Experiments are done with 4 separate sensor samples
for the oven and lamination curing methods. Lamina-
tion and oven curing parameters are set as described
in Sect. 2.3. Two samples are tested on the fabrication
day and two on the day after.

3 Results
3.1 Fabrication uncertainty

Figure 3 shows the row and column dependency of the
sheet resistances for oven and lamination curing. Oven
cured sample data showed a statistically significant
correlation (p value < 0.05) with the row number (i.e.
printing order). Results indicate that the first printed
patterns tend to have lower sheet resistances than
the latter. No dependency is observed on the column
number.

n=36, p-value=0.75 n=45, p-value=0.97 n=18, p-value=0.58

0.25

Oven curing

Oven curing Lamination curing

Feed direction 1

o

b T

X s s

¢ 0.08% 0]

Rsheet [Q/square]

q

t4 Lamination curing

0.096

Lamination curing Lamination curing

Feed direction 1 {4 00941 Feed direction 2

 Feed direcan 2

(0]

0.092

]

0.09

} 0088

4 0.086
B

0055 % 0084

[}
0.082

2
Row number

Row number

Column number

0.04

31 2 3 1 2 3 1 2 3

Column number Row number Column number

Fig. 3 Sheet resistance distributions w/to column and row numbers of the square patterns in pattern set I. Lamination curing in feed
direction 2 shows the lowest dependency on the row number. n stands for the popular, on numbers of the experiment groups
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Although lamination in direction 1 had an even
higher dependency to the row number than the oven
cured samples, no significant correlation existed
when the feeding direction 2 is applied in lamination
curing. No correlations are found with the column
number.

Table 3 presents the results for the resistance devi-
ation inspection within a column. Row deviation is
neglected based on the results presented above. A
combined configuration for the oven curing (cut &
level 2) showed the lowest deviation (2%). Lamina-
tion curing in feed direction 2 yielded a 3% uncer-
tainty. Overall resistance variations within the col-
umns were 37% lower with lamination curing.

3.2 Curing parameters
3.2.1 Oven

The minimum attainable sheet resistance for the
printed samples are found to be 0.12 Q/1 with the oven
curing (Fig. 4a). While 15 min of curing at 120 °C was
sufficient for achieving this value, a safer temperature
for the PET material, 100 °C, needed an hour of cur-
ing time.

Due to the low glass transition temperature of PET
(~70 °C) visually inspected samples showed notice-
able shape distortions (folding) after the thermal pro-
cess, despite the magnets placed to fix the samples

Table 3 Uncertainties of oven and lamination curing methods, in terms of mean relative standard deviation within a column of printed

samples

Oven Lamination

Whole (N = 24) Cut (N =21) Level 2 (N=21) Level 3 (N =24) Feed dir. 1 (N=12) Feed dir.
2(N=
15)

11% 5% 5% 12% 9 % 3%

Cut + Level 2: 2 % (N=9)
Overall: 8 % (N = 57)

Overall: 5 % (N =27)

N is the number of sample columns

d.
— 0.14
[
g = D 1000
o 0.13 D 120°
0
& 0.12 DL ] | | @
10 20 30 40 50 60
Curing time [min]
b.
- 0.08
\ — - ]
§ \\ O H=250, tT—O.OG mm, tB—0.06 mm
N —_—— — — *, | £
§ 0.07 O\\ 0.04*exp(-0.73*x)+0.06
';:',, FLC R N Rnaae
0.06 . . : Ml el LR =
1 2 3 4 5 6 7 8

# of passes

Fig. 4 a Sheet resistance dependency on the oven curing tem-
perature and curing time. b Sheet resistance dependency on the
lamination pass number is represented with an exponential func-

R, (Tyn)=C,.T; C2.exp(-C,.n)+C,.exp(-Co TR

c 0.16 -,
RMSE: 0.004 €)/square

0.14 @® Experimental Data
BN Fitted Model

=)
o -
- N
L ]

RS [Q/square]
o
8

4500 %
Laminator N 4 6
Temperature 200 2
[°C] n, (number of pass)

tion. ¢ Sheet resistance model as a function of laminator tempera-
ture (T, s: source) and number of pass (n,)
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onto the oven grid (Fig. 1d). While the distortion was
observed at both temperatures and for both the cut
and uncut PET sheets, shape changes were more domi-
nant in the cut samples and at 120 °C.

3.2.2 Lamination

Used curing parameters and the resulting sheet resist-
ances are listed in Table 4. While the protective cover
papers used did not affect the resulting sheet resist-
ance, at certain thicknesses they showed form distor-
tions due to the heat and pressure applied, causing
undesirable traces on the printed samples. At 120 and
210 pm top and bottom paper thicknesses, curing
was performed without any paper crease and visible
trace on the substrate. We note that the curing tests
done without any protective papers did not cause
any deformation on the film or the substrates, and
gave the same resistance values. However, protective
layer usage is recommended to avoid any contami-
nation between the rollers and the conductive films
and avoid damage in case of a potential paper stuck.
Lamination cured substrates did not show significant
shape change due to any thermal distortion, despite
the much higher temperatures applied to the sam-
ples compared to the oven curing. Resting the sheet
between flat surfaces following the lamination passes,
completely eliminated the subtle bending of the PET
sheet.

Experiment results showed that the sheet resist-
ance of the samples tends to decrease exponentially
with number of passes at constant curing temperature
(Fig. 4b). 3 lamination passes at 250 ym heat level (170
°C) provided sufficient curing and provided sheet
resistances down to 0.064 © /0. Further cycle contribu-
tions were insignificant. Using the experimental data

J Mater Sci: Mater Electron (2023) 34:1949

presented in Table 4, an experimental model is built to
predict the lamination parameter effects on the result-
ing sheet resistance.
e—C37’l
Ry(T,,n) = Cj.——

S

+ Rs,min + C4.3_C5TS (4)

The first term of the equation represents the expo-
nential decrease in the resistance with the number of
passes. Laminator temperature term in the denomi-
nator adjusts the gain of the exponential, indicating
decreasing effect of lamination passes at lower tem-
peratures. The second and third terms of the equation
define the lowest sheet resistance value the sample
will converge at a certain temperature. The exponen-
tial term at this part indicates that this bottom value
will decrease exponentially with the increasing curing
temperature, and converge to a min value, R, ,,;,,, cor-
responding to the maximum attainable conductivity
in theory. R, ,;, for the model represented in Fig. 4.c
is 0.014 /0 corresponding to the 80% conductivity of
bulk silver. The model gave a 0.004 Q/00 RMS good-
ness of fit. Other parameters in the model from C; to C5
are 77.97, 1.5, 0.73, 0.2206, and 0.008754, respectively.

3.3 Pattern geometry and time effects

Sheet resistances for the oven and lamination cured
samples are found 0.09 /O and 0.14 Q/O at the fabri-
cation day. 18" day data showed 6% and 8% decline,
respectively. Difference between the shift ratios of the
two curing methods was insignificant based on the
measurement uncertainty which was calculated as 2%.

Obtained sheet resistances differed from the ones
obtained from pattern set I previously (on another fab-
rication day), for both curing methods. To investigate
this, in Fig. 5b (Rg ovens Rs Lamination) data pairs belong-
ing to different samples fabricated at different days

Table 4 Sheet resistances

) ) o Heat level T B Number of passes & Ry [Q/O] C
with varying lamination

parameters. T and B stands 1 2 3 4 5

for top E.md bott?m paper 30 60 20 B B B B 0.08 v

layer thickness in um 125 60 60 0.11 009 - - - Y

250 60 60 0.08 0.07 0.07 0.063 - Y

120 120 - - - 0.064 - Y

60 210 - - 0.064 0.064 - Y

120 210 - - 0.072 - 0.068 N

C stands for paper crease and Y &N for yes &no

@ Springer



] Mater Sci: Mater Electron (2023) 34:1949

Page 9 0f20 1949

R(r_)=R_.F(r,).r
a. 1 T T ( a) T s ( a)I a T T T b. : I 4
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sl e — ____RS,OvenIRS,I 1.5 ,// O
& o,
06F . o 012} PR
Q 7
— G -7
= 04f 1 = P
L= i Day 1, Rs=0.09 Q/square (Lamination) sssssssess Day 18, Rs=0.13 Q/square ¢ 01 o - z
0.2 W Day 18, Rs=0.08 Q/square - a*exp(b'ra) + c*exp(d"ra) u O Pad
P -
I Day 1, R_=0.14 Q/square (Oven) x O /6
op : . oo8f & = ©O
I > e
_02 Il Il 1 1 Il 1 1 1 1 - 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 0.05 0.06 0.07 0.08 0.09
r
a RS, Lamination [¥square]

Fig. 5 a Experimental model for the sheet resistance geometric
factor F(r,). R, is the sheet resistance obtained with the Van der
Pauw method, r, is the aspect ratio of the printed pattern and F

are plotted. A constant ratio between the two curing
methods is detected.

In order to compare specimen resistances at dif-
ferent aspect ratios cured with two methods, meas-
ured resistances (R, ) are expressed in terms of sheet
resistance as in 5, where F is defined as a coefficient
dependent on r,.

Rrﬂ = Rypeer 14 - (1) (5)
Figure 5a shows the F curves obtained with two curing
methods do intersect. Notice F(1) on the graph cor-
responds to 0.22 (1/4.532) based on (5). However, F
does not converge to 1 with the increasing aspect ratio,
which yields a discrepancy between the sheet resist-
ance values obtained with van der Pauw method and
values that number of squares method would give.
F(r,) is approximated with the exponential function
given in Fig. 5a.

3.4 Microstructure

Microstructure images are given in Fig. 6. The aver-
age thickness of the oven and lamination-cured sam-
ples are measured as 1.6 ym and 1.3 ym, respectively,
pointing to an increased density and the electron
concentration of the latter [29]. The lamination cured
sample also showed better aggregation of the particles,
indicating a higher percolation (better diffusion), and
a more uniform distribution of the thickness and the
surface topology. Lamination cured sample showed

is a geometrical factor. a = 0.918, b = —0.003, ¢ = —1.083, d =
—0.473. b (Rs oyen» Rs Laminaion) data pairs belonging to different
days of fabrication

larger and flattened asperities on the surface. The
regions by the surfaces (shells) showed higher parti-
cle growth for both samples. In the lamination cured
sample, shells are observed thicker.

3.5 Applicability on uncoated substrate

Figure 7 shows lamination curing method (as well
as the oven curing) was successful at decreasing the
sheet resistances of the samples down to 0.05 /0,
despite the absence of any additional facilitating
agent by a chemical coating on the substrate.

3.6 Angle sensor behavior

Samples cured with two methods are found to show
similar sensor characteristics (Figs. 8, 9). Mean sensor
resistances are measured as 1.6 and 2.1 Q/ respec-
tively. Lamination cured sensors gave a higher resist-
ance change ratio (higher gain). They also tended to
show lower static and cyclic drifts. SNR of the lami-
nation cured samples are observed higher and less
varied. Although lamination cured samples showed
higher nonlinearity, deviations in the RMSE were
lower (Fig. 11). Lamination cured sensors showed
similar behaviours for both smooth and sharp trajec-
tory profiles where oven cured sensor responses dif-
fered (Fig. 11). Lamination cured sensors gave better
overall performance (by 3) than oven cured sensors
with higher consistency (Fig. 10).
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Fig. 6 SEM images of the lamination and oven-cured samples of
the Ag NP inkjet printed sensors on PET substrate. Red arrows
show the asperities on the printed film surface, flattened on the

4 Discussions
4.1 Effects of the lamination curing

The experiments showed that, with lamination cur-
ing, similar or higher conductivity levels than the ones
obtained with oven curing are achieved, at similar or
higher curing temperatures, in dramatically shorter
curing times, and without damaging the substrates
despite the temperatures (~170 °C ) highly over the
PET glass transition temperature (70 °C), and the dam-
ages observed with oven curing at lower tempera-
tures (100-120 °C) .
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lamination cured sample. 100 °C and 170 °C temperatures are
used for the oven and lamination curing respectively

Regarding the experiments performed with PI,
which enabled higher oven curing temperatures com-
pare to PET, thus similar curing temperature with the
lamination curing (150 ° vs 170 °), we see that lami-
nation curing at this condition did not provide any
further increase in the achieved conductivity, but
provided a much shorter curing time resulting with
the same conductivity. Whereas the 3 passes of the
lamination correspond to 3 min due to the A4-sized
samples, the actual curing speed can be approximated
by the estimation of the contact area, and the feed-
ing speed of the lamination machine [30]. Referring
to the contact model given in [31] and the measured
contact load, we estimate the contact width as 1.4
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mm. Assuming a uniform temperature distribution
on the contact width for simplicity, we can conclude
that a point on the lamination-cured sample spends
only 0.42 s between the laminator heated roll presses,
based on the 3.3 mm/s constant feeding speed. Regard-
ing that the samples were passed 3 times through the
machine, and neglecting the potential temperature
drops in between the successive passes, a 1.3 s can be
assumed. This corresponds to a X692 decrease in the
curing time as a thermal process compared to oven
curing, which is dramatic, especially considering the
similar temperatures applied.

Regarding the potential reasons behind the
increased curing efficiency, we first consider the fact
that the curing temperature was 20 °C higher with the
lamination curing. However, both based on the cur-
ing parameter models we built in this study, and both
on the related literature, it is not likely to achieve this
level of curing time, with oven curing. Escobedo et al.
[12] presents a detailed study on this and the lowest
attainable curing time with oven was 1.5 min and at
200 °C. This was only the rise time, and the settling
to the minimum resistance value for the correspond-
ing temperature took 60 min. Thus we conclude that a
mechanism other than the higher curing temperature
is likely to cause this efficiency.

Tension

Motor Position [deg]

40 60
Motor Position [deg]

Fig. 8 Triangular wave responses of four oven cured and four lamination cured angle sensor samples
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Fig. 10 Overall score of the sensors (N = 4). Lamination cured
sensors gave a higher performance with lower uncertainty

Pressure on the other hand is known to be a param-
eter, such like the temperature, enhancing the sinter-
ing process, by increasing the density, and the dif-
fusion between the particles [10]. While it did not

0.6
0.4

0.2

-0.2

-0.4

0.6
0.4

0.2

-0.2

-0.4

increase the final conductivity attained, it might have
accelerated the particle diffusion by several mecha-
nisms. Due to the office laminator we used not being
pressure adjustable, the potential independent and
combined effects (with the temperature) of the lami-
nation pressure are not known by our study.
Another significant advance the laminator brought
was the over-glass transition temperature curing
without any visible damage on the substrate. In con-
trast, the oven-cured samples caused distortion of the
PET, at 100 and 120 °C. To understand the underly-
ing mechanism, we discuss the possibility of a selec-
tive type of heating occurring on the silver-printed
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Fig. 11 Performance statistics of four oven cured and four lamination cured angle sensor samples. Lamination curing gave higher per-

formance at all metrics except nonlinearty, and lower uncertainty at all metrics
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Fig. 12 Lumped parameter model for the transient temperature responses during the curing processes. For the density and heat capacity

of the silver film [35] is referred

substrate, based on the thermal property differences
of the Ag NP print and the PET substrate, and only
0.42 sec per pass heat exposure time. In other words,
we investigate the possibility of the sample passing
through the laminator rolls, at a rate at which the PET
substrate yet not reaches the glass transition tempera-
ture (i.e. 70 °), yet, the silver film reaches the targetted
curing temperature (i.e. 170 °).

In order to inspect this theory, we perform a tran-
sient analysis on the heat transfer rate from the lamina-
tor rolls to the substrate and the silver film. Figure 12
shows the built model. The heat flow is caused by the
potential (i.e. temperature) difference between the heat
source (laminator rolls) and the sample. The rate of the
heat flow is determined by the conductance through
its way, of the materials (roller, silver, PET) and their
interfaces (thermal contact conductace [32-34]).

Hussain et al. [35] models and calculates the tran-
sient temperature distribution on a Ag NP film printed
on a thick glass substrate, during laser sintering. They
use FEM modelling and find out that silver film was
thermally thin (its temperature distribution along its
thickness was constant) unlike the glass substrate.
They neglect the thermal contact resistance between
the silver film and the glass substrate. Lu and Pagilla

[30] models the heat transfer from the rollers to the
web, both by assuming and neglecting the thermal
contact resistances, and assuming a non-uniform
distribution of the temperature through the material
thickness.

We built a lumped parameter model, assuming
constant temperature distribution through the mate-
rials thicknesses thus neglecting the internal thermal
conduction resistances of the materials compared to
the interface resistances. This approach is explained
in [36] in detail over the convection conductance (air -
solid interface), and require the interface conductance
to be less than 0.1x of the material bulk conductance
[33]. Recalling our experiment results which showed
the protective layer existence and thicknesses did not
affect the resulting performance, we used the direct
contact case to model for simplicity. For our case the
thermal contact conductance values taken from the lit-
erature at the same temperature and pressure values
for polymer-polymer [34] (for rubber roller-PET con-
tact), and metal-polymer [33] (for rubber-Ag NP and
Ag NP contacts) contact interface are found dominant
due to the low thickness of the silver and PET films
(based on [36], see the light-blue legend set for the
numerical values). This allows us to build the lumped
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parameter model, counting for the interface resist-
ances only.

Referring to the operating temperatures, we assume
no phase change [35]. We formulate the heat transfer
problem as an initial value problem using the state
space model. The source temperatures (roller surfaces)
are taken constant. (Parametric and numerical values
of the state space model matrices derived from the
spring-damper analogy model in Fig. 12 are provided
in the supplementary material, as well as the code syn-
tax for the solution.)

The resulting heat transfer equation defines the
transient time response of the system, based on the
time constants defined by:

p-1-C
r=ts ©)

However, due to the layered structure involved, the
system we analyze here is multi-modal and the tem-
perature responses of the silver and PET film are cou-
pled. In order test our hypothesis of selective heating,
we simulate the model numerically for both the case
rollers touch to the printed ares (region 1 in Fig. 12)
and empty PET (region 2). The dark-blue curves in
Fig. 12 shows that based on the values taken from
the literature and the model we built, after rollers at
170 °C are touched to the printed samples initially
at room temperature, the PET temperature remains
slightly below the glass transition temperature, when
its contact ends with the rollers (PET at region 1 and 2
gave similar results). This result we found is consist-
ent with the experimental observation of the PET not
being damaged after passing the lamination rollers.
As a next step we inspect the silver film response.
The model clearly shows that the silver temperature
rises with a dramatically higher speed. This is due
to the dominance of the fast converging exponential
component of the coupled response (the lower time
constant). The significantly lower thickness and heat
capacity of the silver, allowed by the high enough
thermal contact conductance (Table in Fig. 12) causes
the fast component of the response. However, after
this rapid increase, the temperature rise is slowed by
the dominance of the higher heat capacity of the PET
material, thus the silver material remains at 125 °C
when it exists from the laminator. This indicates that
according to this model, and the referenced values
from the literature, curing occurs at a lower tempera-
ture than the assumed (measured roller surface tem-
perature). The temperature of the roller was measured
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by a small sized 3D hard component thermistor, which
potentially increased the pressure and provided a
closer temperature measurement to the actual tem-
perature of the roller. All in all, 125 °C is still a suf-
ficient temperature for the curing, and supports the
idea of pressure catalyzed sintering.

On the other hand, thermal contact conductances
are parameters delicate to measure and estimate, and
dependent on several factors [32]. The real contact
area is one of the most important factors defining
it. With the light-blue curve in Fig. 12, we assume a
much higher contact conductance, due to the 3 orders
of level lower elastic modulus of the rubber (laminator
roller), than the referenced polymer in [33]. In order
to simulate an extreme case, we increased the contact
conductance to an order of magnitude higher value.
We limited the conductance at PET interfaces to the
thermal conduction conductance of the PET mate-
rial, as at this extreme condition the lump parameter
criteria (the dominance of the interface conductance)
does not apply anymore. This case showed that the
silver layer could reach the roll temperature in time,
however, the PET layer passed the glass temperature
at only 0.05 s. For this case scenario, the temperature
analysis through the PET thickness and the dynam-
ics of the thermal distortions over glass transition
temperature can be further investigated to evaluate
the sufficiency. This scenario also gives an insight to
the parameters effects and optimization scenarios for
the future studies. With an increased pressure, lower
roller radii and faster lamination feed can be tested to
compensate the reduced glass transition time.

Finally with the gray curves we demonstrated
a lower conductance case, due to the granular and
porous surfaces of the silver and PET layer, which may
decrease the effective contact area. This case resulted
with Ag staying at 90 °C and PET temperature end-
ing up in a much safer region below glass transition.
While the silver temperature is relatively low, [4]
showed that it is still a sufficient temperature for cur-
ing the Ag NP on PET (with oven, in 60 min), but with
a much lower resulting electrical conductivity than our
study (Table 5).

We analyzed the oven curing process as well, using
the same model. Computation of the natural convec-
tion conductance for this case is straightforward (pro-
vided in the supplementary material). Natural convec-
tion conductance has an even lower magnitude, thus
complies with the lumped parameters assumption
(Fig. 12). Red curve shows the case where we assumed
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Table 5 Curing method performances comparison for inkjet printed Ag NP films

Curing method Printer Substrate  Conductivity Print thick- Sheet resist- Time (min) Other
(.10°S/m) ness (um)  ance (/)
Conventional methods
Oven Office PET 2 1.9 0.25 60 90 °C [4]
Hot plate Dimatix PET 12 1.25 0.07 30 120 °C [39]
Oven Dimatix  PI 27 0.8 - 60 220°C [9]
Oven Office PET 7 - - - 100 °C [16]
Oven Office PET 1 1.6 0.09 15 120 °C This study
Oven Dimatix  PI - - 0.05 15 150 °C This study
Proposed method
Lamination Office PET 12 1.3 0.06 <3(3.3mm/s) 170°C This study
Lamination Dimatix PI - - 0.05 <3 (3.3mm/s) 170 °C This study
Alternative methods
Photonic Office PET - - 0.06 - - [16]
Photonic Dimatix PI 30 1.5 0.02 1040 s - [9]
Laser Dimatix PI 22 5 0.01 100 mm/s - [9]
Plasma Dimatix PC 7 0.6 0.23 240 - [9]
Microwave Autodrop PEN 6-21 - - 1-60's - [11]
Oven + Electrical Dimatix PI 33 0.8 - 4+0.2 100 °C + (-) [12]
Chemical Office PET - - 0.2 Instant Self-curing ink  [5, 40]
Chemical + Oven  Office PET - 1.5 0.1 30 Self-curing ink, [6]
60-150 °C

Proposed method has the advantage of low curing time and high conductivity on PET substrate. Note that the lamination method also

holds the advantage of allowing higher temperature curing without thermal distortion of the substrate

the contact conductance between the silver and PET
same as the lamination case. Here, the low efficiency
of the convection relative to the PET-silver interface
avoided the material properties (p, ¢, I) to dominate
the response, and selective heating is not observed.
Due to the lack of contact pressure, the conductance
at PET-silver interface is expected to be much lower
[34]. Purple curve in Fig. 12 showed that reducing this
conductance at a value below convection conductance
retained the selective heating, however the glass tran-
sition temperature is reached at 18 sec, which is not
allowing a sufficient oven curing time.

As a result, the most common orders of values in
the literature for the targeted type of interfaces at the
experimented pressure levels showed that the selective
heating of the PET and silver layer is allowed by the
both curing methods, based on our model. However,
only lamination curing (with the potential effect of
pressure) provides the sintering of the silver nanopar-
ticles in such a short time, before the glass transition
is passed. Recalling the challenges in the prediction of
contact resistances, and replication of the curing per-
formances with the protective layers included, further

experiments on the dominant thermal resistances and
the pressure effect would be beneficial to conclude on
the working principle.

4.1.1 Uncertainty, durability and angle sensing

Our analysis showed that a reduced uncertainty for
the oven curing method came only with the cut sam-
ples placed at a single tray, thus with the cost of limit-
ing the max size and number of samples at a single
curing batch. This indicates a limitation for the total
time needed for the curing process, for multiple sam-
ples. Memmert Operating Instructions [37] points out
that the loading of the large and irregularly placed
samples (A4 sized relatively large are samples for our
case, compared to the cut and distantly placed sam-
ples) into the oven avoids proper circulation of the
air, and may result with inaccurate and non-homoge-
nous temperature distribution on the samples. On the
other hand with lamination curing the uncertainty was
significantly reduced. A well-functioning lamination
roller is expected to apply a homogenous pressure
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and temperature along its rolling axis [30, 38]. Thus,
we suggest the reduced uncertainty (half the oven
cured sample uncertainty) along the row patterns
indicate that lamination machine provided homog-
enous boundary conditions for the curing, independ-
ent from the sample size. Oven cured sample resist-
ances showed a significant dependency on the printing
order, where lamination curing completely eliminated
this dependency in one direction and increased at the
opposite direction of lamination feed. While this indi-
cates a potential bias of the samples dependent to the
printing order, underlying reasons under this obser-
vation needs further inspections. Lamination cured
angle sensors are found to perform better in all met-
rics, except nonlinearity. However, both the nonlinear-
ity and overall score of the lamination cured sensors
showed half the deviation observed in the oven cured
sensors. This indicates a higher calibration accuracy
for the sensors and a reduction of the uncertainty
effects on the final devices, together with the lower
fabrication uncertainty recorded. With the lamination
parameters used in this study, no failures in the film or
the substrate are detected after 5000 cycles of bending
[14]. On the other hand, the distortions occurred on
oven cured samples formed fractures on some sam-
ple substrates when bent during the sensor tests, and
caused some of the sensors to lose their conductivity.
These sensors had to be replaced with new ones to
complete the experiments.

4.2 Consistency and comparison
with the related literature

4.2.1 Curing methods

Table 5 summarizes the electrical conductivity char-
acteristics reported in the literature, for oven curing
and other known curing methods for Ag NP inkjet
printed inks. There is no electrical conductivity data
in the literature for the same ink-substrate-printer set
as used in our study, with oven curing, other than the
information on the product data sheet and website
[16]. Regarding this information, the sheet resistance
obtained with the oven curing in our study matches
the one obtained with the same fabrication configura-
tion and curing method by the ink company (7.107°
S/m) and provides validation.

The sheet resistance obtained in our study with the
proposed lamination method corresponds to the sheet
resistance reported by the company and obtained with
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the commercial photonic curing system (pulse-forge),
which is claimed to allow curing at higher tempera-
tures without damaging the substrate. While the cor-
responding conductivity is not reported, on a separate
information page the maximum attainable conduc-
tivity with photonic curing is given as 33.107° S/m.
Based on these data, we suggest that the proposed
lamination curing method (~150$) provides the same
sheet resistance obtained with a much higher initial
and technical cost method, photonic curing (~50K$).
Lamination curing saves the curing time dramatically
[4, 9, 39] compared to other non-selective thermal cur-
ing methods.

Lamination curing method provided a higher elec-
trical conductivity then the self-curing ink and the
specially coated PET substrate [5, 6, 40]. Compared
with other low glass transition temperature substrate
applications, it gave higher conductivity than the
plasma curing [9] and was in the range of the con-
ductivities achieved by microwave curing [11]. Other
methods are not studied for PET but for high-thermal
resistant substrates [9]. We also note that the reported
differences in the parameters such as the sample thick-
ness, geometry, nanoparticle size, weight ratio, print-
ing thickness, and measurement methods (number of
squares, 4-probe, and 2-probe methods) may avoid an
exact comparison between these studies. We note that
the laminator company provided the information that
the estimated operation range of the laminator was 175
to 215 °C, while we estimated it as 130 to 170 °C. Our
thickness estimation of the printed film based on the
SEM images is consistent with the thickness reported
in [18], using the same ink, substrate, and a similar
printer with thermal curing.

A discrepancy between the sheet resistances of the
square samples fabricated on different days is detected
(Sect. 3.3), for both curing methods. Despite the shift
in the magnitudes of the sheet resistances, we empha-
size the resistance ratio between the lamination and
oven cured samples stayed constant. This indicates
the major shift is independent of the curing processes.

4.2.2 Electrical transport mechanism

The printed film and the electrical contacts for the
measurements are assumed to exhibit an ohmic behav-
iour, based on the assumption on the printed films do
not exhibit a dielectric regime, but a sufficient perco-
lation [29]. The high conductivity levels we achieve,
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Table 6 Lamination curing method provided all the performance criteria defined for the field (See Table 1)

Method Conductivity — Speed

Substrate Cost
quality with R2R

Film quality

Compatibility Uncertainty

Lamination @ d e

n

Refer to Table 1 for the index explanations

in the same order with the bulk silver (1/4x), rather
than levels of magnitude lower conductivities that the
metal nanoparticle films exhibit when the percolation
is under the sufficient limit (~ 1077x) [41], indicates
that the diffusion between the metal particles after the
curing was adequate to allow conduction by electron
percolation through the metallic channels, rather than
confining the electrons and the transport mechanism
to subtle effects of electron hopping or tunneling [29,
41-43]. This assumption is matching with the informa-
tion provided in the ink data sheet and similar studies,
pointing to the electrical pathways being generated in
this range of conductivities [10, 16, 41].

4.2.3 Contact load

While there are several methods that are used to esti-
mate the contact (nip) pressure or load for impression
rollers, precise estimation depends on many factors
[44-47]. We estimated the contact width and the con-
tact pressure as 1.4 mm and 225 kPa, based on [31]
and the contact force measurement. To our knowl-
edge pressure ranges for office-type laminators are not
established, however, the value we obtained complies
with the range 0-600 kPa which was specified for a
pressure-controllable pneumatic laminator [48].

4.3 Suggestions

Regarding the obvious advantages of the lamination
curing method in many aspects, we find it worthwhile
to inspect the effects of the lamination parameters at
wider ranges, with the help of an adjustable lamina-
tor (heated roller press) setup. Higher temperatures
at higher pressures and speeds or lower roller diam-
eters can be studied, to achieve even more dramatic
increases in the curing efficiency, and to define the
extent of this combined effect before any damages
occur in the samples. It may be also beneficial to study

the improvements in the conductivity around the criti-
cal or sub-critical percolation levels altered by the ink
and the printing parameters, to further extend the
advantages of the method [42].

5 Conclusion

Lamination curing method is found to be a sufficient
stand-alone curing method for Ag NP inkjet printed
patterns, both on coated and uncoated substrates. It
is also found advantageous compared to the conven-
tional oven curing method mainly due to;

e Shorter curing time (80%, 3 mm/s (3 min for an A4
sample)) and warm up time (66%, 5 min),

e Higher nanoparticle aggregation (33% higher con-
ductivity),

e Higher curing temperatures without substrate
distortion (applicability on low heat resistant sub-
strates),

¢ Reduced fabrication uncertainty,

¢ Higher and more consistent electromechanical
sensing performance (of the cured samples).

e Applicability to R2R manufacturing.

When compared to the other curing methods
s well, the proposed method provided is found
advantageous by providing sufficient performance
in all aspects (Table 6). Further inspection can reveal
any potential limitation, and how much further the
resulting electrical conductivity performance can be
improved to compete with the methods like pho-
tonic, laser, or electrical curing, however without
damaging the thermally sensitive substrates like
these methods do. We conclude that the lamination
curing for inkjet-printed flexible electronics would
accelerate the related prototyping processes by pro-
viding a fast, simple, low-cost, and reliable fabrica-
tion method addressing the open problems.
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