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Abstract

In this paper we present the lamination curing as a stand-alone method to activate the silver nanoparticle (Ag NP) inkjet printed
angle sensors on a 0.14 mm PET substrate, with a desktop printer. (With the term “lamination curing”, we refer passing
the printed sample through a lamination machine, without any actual laminating purpose, only for curing.) We compared
the method with the oven curing, which is the widest used method for the intended sensors, and found that lamination cured
sensors give lower sheet resistance, lower fabrication uncertainty and more consistent angle sensing behaviors with higher sensing
performance. Different curing parameters are inspected and a process under 3 minutes is achieved giving a 0.06 Ohm/square
sheet resistance. For such a low sheet resistance, presented method has the lowest thermal curing time among all single layer Ag
NP printing studies in the literature. An experimental model is presented for the sheet resistance - aspect ratio relation for both
methods. Time dependent resistance shifts of the lamination cured sensors are also inspected and proved to be insignificant.
We state lamination curing as an advantageous and reliable alternative to oven curing and other fast curing methods both for

sensor and circuitry printing implementations.
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Abstract—In this paper we present the lamination curing as a stand-alone method to activate the silver nanoparticle
(Ag NP) inkjet printed angle sensors on a 0.14 mm PET substrate, with a desktop printer. (With the term “lamination
curing”, we refer passing the printed sample through a lamination machine, without any actual laminating purpose, only
for curing.) We compared the method with the oven curing, which is the widest used method for the intended sensors, and
found that lamination cured sensors give lower sheet resistance, lower fabrication uncertainty and more consistent angle
sensing behaviors with higher sensing performance. Different curing parameters are inspected and a process under 3
minutes is achieved giving a 0.06X2/C] sheet resistance. For such a low sheet resistance, presented method has the lowest
thermal curing time among all single layer Ag NP printing studies in the literature. An experimental model is presented
for the sheet resistance - aspect ratio relation for both methods. Time dependent resistance shifts of the lamination cured
sensors are also inspected and proved to be insignificant. We state lamination curing as an advantageous and reliable

alternative to oven curing and other fast curing methods both for sensor and circuitry printing implementations.

Index Terms— Angle Sensors, Flexible Sensors, Foldable Robotics, Printed Sensors

[. INTRODUCTION

Ntegrated angle proprioception in flexible hinges is a

desired function as a part of the ultimate goal of the
soft robotics field [1]-[11]. This projection promotes the least
number fabrication steps, methods and the lowest cost possible
[1].

Inkjet printing is the most preferred method for the flexible
electronics, especially in R&D applications [12]. Ando and
Baglio [13] introduces and highlights the advantages of all-
single-material printed strain sensors, using silver nanoparticle
(Ag NP) ink and low-cost office type inkjet printers. Silver
ink, despite being widely used in flexible electronics [5],
[13]-[16], has not been implemented as a hinge angle sensor
material. Existing printed angle sensors for the flexible hinges
use multiple materials, a functional ink (i.e. carbon [7], [9],
Pedot:PSS [6]) for the sensing pattern and a highly conductive
ink (i.e. Ag NP) for the electrodes.

In this study, we consider Ag NP ink as an angle sensor
material, and investigate an alternative curing method (i.e.
lamination curing), to the commonly used time consuming or
high cost curing methods.

Ag NP inks require post-printing curing processes to be-
come electrically conductive, as the ink solutions contain
non-conductive compounds (stabilizers) to facilitate printing,
which avoid conductive particles to contact each other [17].
A common method is detaching these insulating solvents with
thermal processes.

Authors were with Istanbul Technical University, Mechanical Engineer-
ing Department, Flexible Systems Laboratory (turkmend@itu.edu.tr,
acerm@itu.edu.tr). Authors would like to thank Shahrad Samankan for
his valuable advices during the preliminary studies.

Ando and Baglio, in their leading study on all-low-cost-
inkjet-printed strain sensors [13], use oven curing (60 min,
90°C) for the NovaCentrix Melaton JS-B15P Ag NP ink
prints on a PET substrate with a low-cost Epson inkjet printer.
Reported resistance values of strain gauge patterns correspond
approximately to 0.2-0.3 /0] sheet resistance (~ 2.10% S/m
conductivity for the reported 1.9 pm print thickness).

Hot plate curing is another thermal curing method used
for inkjet Ag NP inks printed on flexible substrates [18],
[19]. A characterization study [19] using a high-cost inkjet
printer (Dimatix 2831), showed 4 layers of printing and 30
minutes hot plate curing at 120°C is needed for a 18x10% S/m
conductivity of silver prints on PET substrate (x4.4 resistivity
of bulk Ag, for the reported 4.48 pm print thickness ~0.012
/0 sheet resistance).

Wiinscher et al. reviews the alternative curing approaches
for the inkjet printed metal inks on flexible substrates [17].
Microwave sintering is a newly developed method which
increase the conductivity of the Ag NP inks just in seconds.
However this method yet does not provide a homogeneous
performance along the specimens [17]. Photonic sintering is
one other fast method which applies selective heating to the
printed patterns and enables higher curing temperature without
damaging the substrate. However this technology still requires
a high cost of price and/or technical effort [17], [20]. Plasma
sintering, which uses a relatively available equipment for lab
scale research studies, requires at least 30 minutes of sintering
time for NP based inks [17]. Chemical sintering approaches
also exist, which target decomposition of the solvents without
heating, by sintering agent addition to the inks, substrate
coatings or as a post treatment [17], [21].

Beisteiner reports using the commercial instant self curing
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ink NBSIJ-MUO1 by Mitsubishi Paper Mills (MPM) [21]
with an Epson Stylus Photo 1500W printer and Epson photo
paper substrate. 15.10° S/m conductivity (x4 resistivity of bulk
Ag, ~ 0.08 Q /0O square resistance for the reported 800 nm
print thickness) is achieved after printing, without any further
thermal process. However, for many cases a photo paper is not
sufficient to provide the mechanical properties required for an
angle sensor. Same process with Mitsubishi NB series PET
film gives the half conductivity (~ 0.2 ©2/0J) [22]. Kawahara et
al. reports a similar sheet resistance with the same Mitsubishi
ink-substrate combination, 0.21 /00, using a Brother DCP-
J140w printer [15]. Finally Asri reports a sheet resistance of
~ 0.1 /0 based on a 11.3 aspect ratio pattern, for 1.5 pum
print thickness with Epson L310 inkjet printer [16]. However
the samples were printed in double layers and cured for 30
minutes at 60-150 °C in this study. All studies use number of
squares method to obtain sheet resistances from specimens at
different aspect ratios, rather than a four probe method. This
makes the results not fully comparable as the calculated sheet
resistances are reported to be dependent on the pattern aspect
ratio [15], [22].

Hidayanti designs and uses a lamination machine to de-
crease the resistances of screen printed silver ink patterns
on HVS paper and Mica film [23]. 0.11 ohm resistance is
reported for a specimen with a 25 aspect ratio, after 20 seconds
of lamination curing at 70 °C. However data presented in
this study has a very poor consistency (reported resistances
increase with decreasing aspect ratio of the pattern, which
is controversial to the electrical resistance theory). Beisteiner
laminates the inkjet printed silver nanoparticle strain sensors
with a protective elastomer layer, but the lamination effect on
the electrical properties of the sensors are not studied [24].

We use a low-cost lamination machine, Olympia A3048, to
cure the printed patterns with NovaCentrix Melaton JS-B25P
Ag NP ink on the Novelle PET substrate using a low-cost
office-type inkjet printer, Epson L351. We refer “lamination
curing” as a thermal sintering method, using the heat and
mechanical pressure of the lamination machine rollers, without
using any cover foils. We also implement the conventional
oven curing at various temperatures and times to compare the
lamination curing performance. Sheet resistances are obtained
with van der Pauw method. Parameters contributing to the
sensor uncertainty (such as pattern placement on the substrate,
sample size and placement into the oven) are investigated for
both methods using a p-value correlation significance test.
Experimental models are built for the aspect ratio (r,) and
lamination parameters (number of pass, protective paper thick-
ness, and heat level) effects on the resistance. Finally, angle
sensors are printed and cured with both methods. Samples are
tested in both compression and tension directions, in terms
of cyclic and static drift, % resistance change, nonlinearity,
hysteresis and acceleration dependency. Lamination curing is
found to give a %33 lower sheet resistance (0.06€2/C], same
with provided by the ink manufacturer) than oven curing, with
a lower uncertainty and taking %80 shorter time (3 minutes).
Overall angle sensing performance of the lamination cured
samples are also found to be higher and more consistent
compared to oven cured sensors. We believe lamination curing

for Ag NP printed angle sensors would accelerate the research
studies by providing a fast, low-cost and reliable fabrication
method.

Used oven and lamination curing techniques are explained
in Section II, together with the measurement methods and ex-
perimental procedure. Section III compares the curing method
performances through the findings on the curing method
related fabrication uncertainty, curing parameter relations with
the resulting sample resistances, sheet resistances of the sam-
ples and angle sensing performances. Final section underlines
the main advantages found for the lamination curing and states
the significance of the method against other alternatives.

[I. METHODS
A. Inkjet printing

Samples are printed using an Epson L350 office type
desktop inkjet printer. Ag NP ink (NovaCentrix JS-B25p)
is filled to 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).

Two sets of patterns are used for the experiments. Pattern
set I (Fig. 1-c) consists of 9 equally distributed 1x1 cm squares
to inspect the pattern & sample placement, reproducibility and
lamination direction effects. Pattern set I (Fig. 1-e) consists of
9 rectangles with varying aspect ratios (1 to 50) and it is used
to compare the geometry and time dependencies of the pattern
resistances cured with two distinct methods. Finally an angle
sensor pattern (Fig. 1-f) is printed to inspect the variations on
the angle sensing behaviours of the samples among two curing
methods.

B. Curing

Based on the information provided by NovaCentrix support
service, the chemical composition of Novelle PET substrate
coating facilitates the decomposition of the stabilizers in
NovaCentrix ink, and allows the patterns to become conductive
in lower temperatures. Oven curing and lamination curing
methods are implemented to the samples printed under the
same conditions.

1) Oven curing: Memmert UN 55 oven is employed for the
oven curing experiments. 100°C and 120°C curing temper-
atures are tested for 15, 25 and 60 minutes curing times to
investigate the curing capabilities. Samples are placed to the
oven after the curing temperatures are reached and oven timer
is also set to start after the curing temperature is reached. Oven
air flap is set 50% open for all experiments.

2) Lamination curing: A low-cost (<150$) desktop lamina-
tor, Olympia A 3048, is used to cure the printed samples.
Device uses four heating rollers to laminate foils in a range
of 80 to 250 um of thickness. However here we use the
lamination machine without any foils, only to heat the printed
samples. PET layer is enveloped between two paper layers to
avoid direct contact with the rollers (Fig. 1-b). Three heating
levels of the device (80 pm, 125 pm, 250 pum) are used with
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a. Measurement configuration used with the four terminal LCR-meter for a sample with an arbitary aspect ratio. A square sample is

used for the van der Pauw method measurement. b. Schematic respresentation of the laminating configuration of the sensor printed substrate
and sandwiching protective layers. The edge of the thinner layer is folded at the feeding side, to avoid any slip between the layers. ¢. Schematic
representation of a printed sample (pattern set ). d. Schematic representation of sample placement on the oven tray for curing. PET substrate is
cut into equal pieces and fixed on the tray with magnets at the corners. e. Pattern set Il. f. Angle sensor pattern. experiments.

different paper thicknesses and numbers of lamination cycles
(number of pass) to optimize the curing process. Device has a
600 mm/min laminating speed and a warm up time about 3-5
minutes.

C. Sheet resistance measurements

Sheet resistance (i.e. surface resistivity, square resistance) is
obtained with two approaches in the literature. One is to use
four probe or van der Pauw methods [25] and other is to divide
the overall resistance of a pattern to the aspect ratio (number
of squares) along the conductive path [26]. Sheet resistances
obtained with these two methods may give slightly different
values depending on the minimum width and aspect ratio of
the used patterns in the latter method [15], [22].

We use van der Pauw technique to obtain the sheet resis-
tance of the printed patterns as it is a more feasible method
for small sized patterns compared to the four probe method
[27]. Sheet resistances of the square patterns are found with
1, where I, is the current flow given to the specimen through
points 1 and 2, and V34 is the measured voltage drop between
points 3 and 4 (Fig. 1-a) [27]. A GW Instek 6020 LCR-meter
is used for the measurements.

Va4

Roheet = 4.532 - =2
heet 112

(1)

D. Sensor behaviour testing

A 3D printed setup is used to test the angle sensor be-
haviours (Fig. 2). Sensors are bent from 0° (flat position) to
90° both in compression and tension directions. Approximate
radius of curvature of the sensors at 90° is 1 mm.

- ,/

\'\(\\“ Sensor
samples

Fig. 2. a. Experimental setup used for angle sensor implementation. b.
Side view of the sensor at 90° joint angle.

Sensor responses are measured with a simple voltage divider
circuit and a data acquisition card (ni USB DAQ) at 20
Hz. Rotational joint is actuated with a DC-motor (Dynamixel
XL430-W250-T). A triangular wave between 0 — 90° at 10
sec period and a stepwise trajectory of 10° steps with 5
seconds stops from O to 90 and back to 0° are used for the
tests (graphically represented in the results section). Mean
resistance data is obtained from last 1 second of each step.
Performance tests for each sample are conducted after 30
cycles of triangular wave.

[1l. RESULTS
A. Fabrication uncertainty

It is important to fabricate maximum number of samples
at a single batch with a minimum variance in the sample
resistances, for consistency in research studies or any other
application purposes. In order to compare the uncertainties
introduced by the curing methods, pattern set I is printed and
cured with varying curing parameters.

Among the 4 levels of slides in the oven chamber, level
2 and 3 (numerated from bottom to top) are tested with cut
(Fig. 1-d) and uncut letter-sized (whole) samples (Fig. 1-c).
For the lamination curing investigation, uncut samples are fed
into the lamination machine both in the opposite direction to
the printing direction (feed direction 1) and in the direction of
the printing direction (feed direction 2) (Fig. 1-b, c).

Recalling pattern set 1 has 3 rows and 3 columns, Fig. 3
shows the row and column dependency of the sheet resistances
for oven and lamination curing. Oven cured sample data all
together has a population number of 171, and found to show
a statistically significant correlation with the row number (i.e.
printing order) (p-value<0.05). Results indicate that the first
printed patterns tend to have lower sheet resistances than the
latter. No dependency is observed to the column number.

Lamination cured samples are analyzed in two populations,
population 1 (n=36) where the samples are fed into the
machine in direction 1 and population 2 (n=45) where the
samples were fed in direction 2. 24 members of population 2
were cured after cut into single columns and not included in
the column dependency analysis. Results showed that although
lamination in direction 1 has an even higher dependency to
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Fig. 3. Sheet resistance distributions w/to column and row numbers of the square patterns in pattern set |. Lamination curing in feed direction 2

shows the lowest dependency to the row number.

the row number, no significant correlation exist when the
feeding direction 2 is applied. No correlation is found with
the column number, similar with the oven curing. Results show
that lamination curing in direction 2 is more advantageous than
oven curing in terms of pattern placement independency.

A second analysis is done with the same data sets to
compare the amounts of resistance deviation within a column.
(Row deviation is neglected.) To measure the uncertainty, the
mean relative standard deviation value is calculated as,

N ol

Zz [
N
where N is the number of columns and o, and ¢ are the
standard deviation and mean of the sheet resistance values
within a column. Results are listed in Table I. A combined
configuration for the oven curing (cut & level 2) showed the
lowest deviation (2%). Lamination curing in feed direction 2
yielded a 3% uncertainty. Overall resistance variations within

the columns are 37% lower with lamination curing.

mean relative SD 2)

TABLE |
UNCERTAINTIES OF OVEN AND LAMINATION CURING METHODS, IN
TERMS OF MEAN RELATIVE STANDARD DEVIATION. N IS THE NUMBER
OF SAMPLE COLUMNS.

Oven Lamination
Cut Whole Level 2 Level 3 | Feed dir. 1 Feed dir. 2
(N=21) (N=24) (N=21) (N=24) (N=12) (N=15)
5% 11% 5% 12% 9 % 3%
Cut + Level 2: 2 % (N=9)
Overall: 8 % (N=57) Overall: 5 % (N=27)

B. Curing parameters

1) Oven: The minimum attainable sheet resistance for the
printed samples are found to be 0.12 /(] with the oven curing
(Fig. 4-a). While 15 minutes curing at 120°C is suffice for
achieving this value, a safer temperature for the PET material,
100°C, needs an hour of curing time.

Visually inspected samples of cut PET sheet showed notice-
able shape distortions (folding) at both curing temperatures,
despite the magnets placed to fix the samples onto the oven
grid (Fig. 1-d). Lamination cured substrates did not show
significant shape change. Transferring the sheet to a flatly
secured place (e.g. a storage file ) following the lamination,

e
>

o
g e T 1000
Z 013 D 120°
=
& 0.12 ® ! @ . ‘ Curing tir:ne [min] @
10 20 30 40 50 60
b. . 0.08
= \\ O  H=250,t=0.06 mm, t,=0.06 mm
5 N —_ * x .
§ 0.07 ol 0.04*exp(-0.73*x)+0.06
;n \9\\@__ _____ # of passes
006 ———— === ==o
1 2 3 4 5 6 7 8

Fig. 4. a. Sheet resistance dependency on the oven curing temperature
and curing time. b. Sheet resistance dependency on the lamination pass
number is represented with an exponential function.

completely eliminates the bending. Undesired bending of the
samples may cause an-isotropic mechanical behavior of the
sensors when folded into compression and tension sides.

2) Lamination: Experiment results showed that the sheet
resistance of the samples tend to decrease exponentially with
increasing heat level, number of passes and decreasing cover
layer thickness. Approximated models for this dependency are
presented in Fig. 4 and 5. The lowest sheet resistance samples
settled at is achieved with the configuration 250 pm heat
level, 60 um top and bottom cover layers and 4 lamination
passes (Table II). This sheet resistance value is in the range
provided by the ink manufacturer (0.06-0.07 2/0J), obtained
with photonic curing of the samples printed on the same
substrate as used in this study.

R¢=0.093"exp(-0.011*n P*(H/tr)°'6)+0.06

| RMSE:0.009 o

o ©
o © o
© S

Real RS [Q/square]
o
8

e
e

0
4

e

0.0 o

0.06 0.07 0.08 0.09 0.1
Estimated RS [Q/square]

o
o
<

0.11

Fig. 5. Goodness-of-fit representation of the sheet resistance model as
a function of lamination heat level (H), number of pass (n,) and total
cover layer thickness (tT = t1op + tBottom)-

One drawback of this combination is the crease formed
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TABLE Il
SHEET RESISTANCES WITH VARYING LAMINATION PARAMETERS. T AND
B STANDS FOR TOP AND BOTTOM PAPER LAYER THICKNESS IN uM. C
STANDS FOR PAPER CREASE AND Y&N FOR YES&NO.

Number of passes & Rg [£2/0]

Heat B | 1 2 3 4 5 |c
level

80 60 20 - - - - 0.08 Y

125 60 60 | 0.11 0.09 - - - Y

60 60 | 0.08 0.07 0.07 0.063 - Y

250 120 120 - - - 0.064 - Y

60 210 - - 0.064 0.064 - Y

120 210 - - 0072 - 0068 | N

in the cover layers due to their low thickness and the high
lamination temperature. While the PET substrate is not dam-
aged, cover layer crease cause undesirable traces on the printed
samples. Only combination the cover layers are not damaged
and a sufficient sheet resistance is achieved is 0.12 mm bottom
layer (common printing paper) and 0.21 mm top layer at 250
pm heat level. 3 lamination passes provide sufficient curing
and further cycles contributions are insignificant.

As an application note, it is advised to separate and replace
the cover layers after each lamination cycle to minimize
distortions in the sheets due to unequal heat expansion factors
of the layers.

C. Sheet resistance

Pattern set II resistances are printed and cured with oven
and lamination curing. Lamination curing is performed at
250 pm heat level, 0.12 mm and 0.21 top and bottom layer
and 3 pass. Oven curing is performed at 120° 15 minutes.
Sample resistances are measured with the LCR-meter with the
configuration in Fig. 1-a. Using the sample resistances at r,=1
(R,,) and 1, the sheet resistances for the oven and lamination
cured samples are found 0.09 /00 and 0.14 Q/0O at the
fabrication day. 18th day data showed 6% and 8% decline
respectively. Difference between the shift ratios found to be
insignificant based on the measurement uncertainty which was
calculated as 2%.

It should be remarked here that the sheet resistances
obtained with both methods differ from the data collected
from the pattern set I, (Table II, Fig. 5). In Fig. 6-b
(Rs, Oven, Rs, Lamination) data pairs belonging to different sam-
ples fabricated at different days are plotted. A constant ratio
between the sheet resistances indicates that the major shift
seen in the resistance is independent of the curing processes.
Possible causes of the shift may be the printing process or the
varied ambient conditions such as humidity.

In order to compare specimen resistances at different aspect
ratios cured with two methods, measured resistances (R;,)
are expressed in terms of sheet resistance as in 3, where F is
defined as a coefficient dependent on r,.

R'r’a = Rsheet *Ta - F(ra) (3)

Fig. 6-c shows the F curves obtained with two curing
methods do intersect. Notice F(1) on the graph corresponds

to 0.22 (1/4.532) based on 3. However F does not converge to
1 with the increasing aspect ratio, which yields a discrepancy
between the sheet resistance 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. 6-c.

D. Angle Sensor behavior

Sensor patterns (Fig. 1-f) cured with lamination and oven
curing are tested in the experimental setup both in the tension
and compression side folding directions. Lamination curing is
performed at 250 pm heat level, 0.12 mm and 0.21 mm top
and bottom layers and 3 pass. Oven curing is performed at
120° 15 minutes. Four samples are tested for each method.
Mean sensor resistances are measured as 1.6 and 2.1 Q/O
respectively. Two of the samples are tested in the fabrication
day and two in the day after.

In order to measure sensor performances triangular (Fig. 6-
a) and step (Fig. 7) trajectories are used. Inspected parameters
for the ramp cycle response are; the percentage resistance
change between the flat and 90° folded position w/to flat
state sensor resistance Rg (%A Rg_g0), percentage drifts of the
Ry and Ry resistances at the end of a 5-cycle set (%Drift,
and %Driftgg) (Fig. 6-a), mean hysteresis error in degrees,
and nonlinearity in terms of root mean square error (RMSE)
between the sensor response and the line Ryorm = 6/90.
Normalized resistances of the sensors are calculated with,

RN orm — M (4)
Rgo — Ro

Performance parameters for the step response are; percent-
age resistance change between the flat and 90° positions, mean
percentage absolute drift at the resistances during the wait time
of the steps, mean signal to noise ratio (SNR), hysteresis error
in degrees, and nonlinearity in RMSE (Fig. 8).

Sensors cured with two methods are found to show similar
behaviours. Lamination cured sensors gave a higher resistance
change ratio. They were also tend to show lower static
and cyclic drifts. SNR of the lamination cured samples are
observed higher and less varied. Although lamination cured
samples showed higher nonlinearity, deviations in the RMSE
were lower, which would provide a lower calibration uncer-
tainty (Fig. 8).

Stepwise trajectory is aplied with two different deceleration
profiles (sharp and smooth) (Fig. 8) to investigate the robust-
ness of the sensor behaviours to dynamic effects. Lamination
cured sensors showed similar behaviours for both profiles
where oven cured sensor responses differed.

An overall score is calculated with the formulation in 5
based on all performance parameters (p) listed in Fig. 8.
Lamination cured sensors are found to give better overall
performance than oven cured sensors with higher consistency.

E DPi —Pworse
np
z Pbest —“Pworse

Tp

Overall Score =

&)
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Fig. 6. a. Triangular wave responses of four oven cured and four lamination cured angle sensor samples. b. (Rg ovens RS, Lamination) data pairs
belonging to different day of fabrication. Lamination curing is performed at 250 mic, 0.12 mm and 0.21 top and bottom layer and 3 pass. Oven curing
is performed at 120° 15 minutes. c. Experimental model for the sheet resistance geometric factor F'(r4). Sheet resistance R, obtained with the
Van der Pauw method, is the aspect ratio (r4) of the printed pattern and a geometrical factor F which is found to be a function of the r4. 2a=0.918,
b=-0.003, c=-1.083, d=-0.473.
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Fig. 8. Performance statistics of four oven cured and four lamination cured angle sensor samples. Lamination curing gave higher performance in
all metrics except nonlinearty, and lower uncertainty in all metrics.
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Fig. 9. Overall score of the sensors (N=4). Lamination cured sensors
gave a higher performance with lower uncertainty.

V. CONCLUSIONS AND DISCUSSIONS

Lamination curing method is found to be a sufficient stand-
alone curing method for Ag NP inkjet printed patterns on
coated PET substrate. It is also found advantageous compared
to the conventional oven curing method mainly due to;

o 80% Faster curing time,

¢ 33% Higher conductivity,

o Less fabrication uncertainty,

o Better and more consistent angle sensing performance.

With lamination curing method, sheet resistances provided
by the ink manufacturer (0.06-0.07 ©/0J) are reached in 3
minutes, using the same coated substrate with the company.
Although the curing system used by the manufacturer has the
capability of an instant curing (<<1 millisecond), lamination
machine has a far achievable cost (150$ vs. 55.000%).

Minimum sheet resistance achieved with oven curing was
33% higher than the lamination curing provided, and required
15 min curing. Note that lamination machine has also a short
warm-up time (5 min), where the oven used in study (1900%)
required around 15 minutes to reach the curing temperature
(120°C).

One low-cost curing method providing a shorter curing
time (instant) is chemical curing (i.e. Mitsubishi self curing
inkjet ink [21]). However studies using this ink report more
than 2 times of the sheet resistances achieved with lamination
curing [15], [24]. Still, for the cases where lower conductivity
is tolerable, self curing ink can also be an alternative to
lamination curing.

Oven cured sample resistances showed a significant depen-
dency to the printing order, where lamination curing in the
printing direction eliminated this dependency. We note that this
ability may also allow lamination curing to be employed in a
roll-to-roll (R2R) manufacture process. Overall uncertainty of
the lamination process is found to be lower than oven curing.
Oven curing, only when the samples are cut and placed on
the 2"? slide gave a slightly lower uncertainty than lamination
curing. This limits number of maximum samples cured in a
batch to a single sheet. Small sized sample oven curing also
caused major thermal distortions on the samples, despite the
magnets used to secure on the grid.

Finally, lamination cured angle sensors are found to give
better performances in all metrics, except nonlinearity. How-
ever both the nonlinearity and overall score of the lamination
cured sensors showed half the deviation observed in the oven
cured sensors.
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