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ARTICLE INFO ABSTRACT

Keywords: The increased interest in printed electronics necessitates the development of suitable sustainable substrates
Acetylation for them. In this study, the suitability of acetylated cellulose nanofiber (ACNF) films as substrates for printed
Na‘nocglhlﬂose ) electronics were examined through (I) the ink-substrates interaction, (II) print quality, and (III) electrical and
iggtequ;?f;mmcs (IV) mechanical properties of the printed pattern on the ACNF substrates. The results have been compared

with cellulose nanofiber (CNF) and commercial reference material (CRM) substrates. The wetting of the silver
nanoparticle (AgNP) ink on the ACNF substrate was found out to be excellent. The thickness of the printed pattern
increased and the hole area fraction decreased with each consecutive layer of ink. The comparative investigations
demonstrated that the electrical properties of the printed patterns were almost as good for 4 layers of ink on the
ACNF substrate (1.6 Q resistance) as the ones on the CRM substrate (1.2 Q resistance). Additionally, the printed
pattern on the ACNF substrate endured the adhesion and bending tests significantly better compared to the CRM
substrate. Therefore, this study demonstrates that ACNF substrates could be a suitable candidate for printed
electronics, which are more sustainable yet with similar functionalities in comparison with the conventional
fossil based substrates.

Electrical properties
Mechanical properties

1. Introduction The substrate is the base of an electronic device. It separates elec-
tric devices from each other, like an electric insulator. The substrates
traditionally used in electronics are commonly high-performance, stiff
and non-degradable over time [7]. Due to their fragility, they are not
suitable to be used in flexible electronics or implants [8]. Depending
on the application for the printed electronic device the requirements

on the substrate can vary significantly. Rigidity, surface smoothness,

The topic of printed electronics has attracted a lot of attention in
the past decades for several reasons. Printing is a more environmentally
friendly approach for producing electronics compared to the conven-
tional subtractive manufacturing methods. Due to the reduction of non-
renewable resource waste and on-demand material utilization, print-

ing processes meet the sustainability goals [1,2]. Additionally, print-
ing, such as ink- and aerosol-jet printing, enables the production of
tailor-made designs and small-scale manufacturing at low cost [3,4].
Manufacturing electronics using non-contact printing and inks with low
temperature sintering also provides a great freedom for the use of a wide
variety of substrates that can easily degrade when exposed to high sin-
tering temperatures [5,6].

non-porosity, flexibility, transparency, non-toxicity, heat resistance, low
thermal expansion, recyclability or biodegradability, light weight, thick-
ness and low cost are some of the properties, which can be important
to consider, when designing a suitable substrate for different printed
electronic devices [9-12,1].

The most used substrate for traditional printing is paper made from
cellulose [13,14]. Cellulose is a low-cost, non-toxic, renewable resource,
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and has been widely used for over 2000 years in various applications
due to its many attractive qualities i.e., flexibility, good processabil-
ity, biocompatibility and biodegradability. However, paper can be very
challenging to use as a substrate for printed electronics, due to its ab-
sorptive nature, high porosity and surface roughness [15].

These challenges can for example be overcome by printing multiple
layers of conductive ink [16], or by coating the paper [17]. The spec-
trum of properties can also be improved by using cellulose in nanoscale
i.e., nanocellulose (NC), which simply broadens its functionalities and
the range of applications. When designing a NC based substrates, some
of the properties of the substrate have to be taken into account, such as
chemical composition, surface energy, surface roughness, porosity and
absorption of the ink [18]. A substrate with a higher surface roughness
and porosity will need more layers of ink to achieve the same electri-
cal properties compared to a smoother and less porous substrate. This
will increase the amount of used ink, which often is made from non-
renewable resources.

Based on the specific applications or characteristics of the ink used,
NC based substrates can be modified and designed as hydrophobic,
transparent, smooth, and strong platforms for recyclable printed elec-
tronics [19,20]. There are three main groups of NC, cellulose nanofibers
(CNF), cellulose nanocrystals (CNC) and bacterial cellulose (BC). These
NC groups differ from each other in how they are produced, as well
as their surface chemistries, crystallinities, and mechanical proper-
ties [21]. The highly crystalline CNC is mainly produced using acid
hydrolysis, while BC is extracted using microorganisms [22]. CNF can
be produced using mechanical pretreatments, such as grinding, milling
and homogenization, or/and chemical pretreatments, such as 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO) oxidation or acetylation.

Acetylation of cellulose has drawn a lot of interest both industri-
ally and scientifically, because it is a green scalable approach, with an
established chemistry [23,24]. During the acetylation of CNF, the hy-
droxyl (OH) groups in the glucose chains are substituted with acetyl
(COCH;) groups [25-29]. The acetylation can be done either before or
after the mechanical treatment of the fibers. This process reduces the
interaction forces between the fibers and improves the hydrophobicity,
thermal degradation, dispersive and optical properties of the acetylated
CNF (ACNF) films and therefore makes them a viable alternative as a
substrate for printed electronics.

Additionally, inkjet printing electronics on ACNF substrates would
be a more environmentally friendly approach compared to the conven-
tional subtractive manufacturing method with fossil based substrates.
The use of ACNF as a potential substrate in printed electronics has been
studied by e.g. Yang et al. [28], and in a composite with a transpar-
ent polymer by Yagyu et al. [27]. Yang et al. [28] studied the thermal
properties, tensile strength and light transmittance of ACNF, in order
to evaluate its suitability as a substrate. Compared with other meth-
ods of modifying CNF, ACNF is commonly used in order to improve the
hydrophobicity [30], dispersive behavior [31], thermal [32] and dimen-
sional stability [33] of the film.

In this study, the suitability of ACNF films as substrates for printed
electronics is evaluated by investigating the interaction between silver
nanoparticle (AgNP) ink and ACNF films. Additionally, the print qual-
ity, electrical and mechanical properties of the printed patterns on the
substrates are studied. The results are compared to the results of CNF
and commercial reference material (CRM) films, when applicable.

2. Materials and methods

Materials. For the CNF and ACNF dried bleached birch cellulose
was used. Additionally the following chemicals were used: hydrochlo-
ric acid (HCI, 0.01 M), sodium bicarbonate (NaHCO3, 0.005 M), ace-
tone (CH3COCH;, AnalaR NORMAPUR®, >99.8%), anhydrous glacial
acetic acid (H;CCOOH, EMPARTA®, 100%), toluene (C¢H5CHj3, AnalaR
NORMAPUR®, >99.5%), sulfuric acid (H,SO,, EMSURE®, 95-97%) and
sodium hydroxide (NaOH, EMSURE®, 50%). All chemicals were ac-

Materials & Design 245 (2024) 113230

quired from Sigma Aldrich. Deionized water was used throughout the
experiments. Novele™, polyethylene terephthalate (PET)-based, sub-
strates were obtained from Novacentrix® as a CRM [34-36]. The AgNP
ink used in the experiments was Metalon® JS-A191 from NovaCentrix®.
The reported surface tension, density and viscosity of the ink were 29.9
mN/m, 1.61 g/cm® and 12.8 mPa-s, respectively.

Preparation of CNFs. Dried bleached birch cellulose was soaked in
water overnight and beaten into a 1.5 wt% slurry using a Hollander
beater for 30 min. Sodium washing was used to deionize the birch pulp
slurry. The excess water was removed from the slurry using a pressure
suction filtrate machine with a 10 um filter. A mix of deiniozed water
with 0.72 wt% pulp and 3.6x10™* wt% 0.01 M hydrochloric acid was
blended with a whisker for 15 minutes. The excess liquid was filtrated
and the pulp was rinsed and soaked for 10-15 min with deionized wa-
ter twice. Deionized water was mixed with 0.72 wt% pulp and 2.1x10*
wt% 0.005 M sodium bicarbonate, while mixing with a whisker sodium
hydroxide was added until a pH of 9.5-10 was reached and further mixed
for 15 min. The blend was then filtrated and rinsed until the conduc-
tivity was less than 20 uS/cm. Finally the excess water was filtrated.
The deionized pulp was mixed with water until it had a wt% of 1. A
Supermasscolloider (Masuko) was used to grind the pulp slurry seven
times, until it had a gel-like composition. The final CNF was obtained
by further disintegrating the pulp using a Microfluidizer (M-110P, Mi-
crofluidics In., Newton, MA) three times. CNF films with a grammage of
60 g/m? were cast dried from the 0.5 wt% suspension in petri dishes.

Preparation of ACNFs. CNF with a dry weight of 10 g was acetylated
in order to produce ACNF. The acetylation process involved two solvent
exchanges as pretreatments. The first solvent exchange was from wa-
ter to acetone, by removing the water using a Thermo Scientific SL40FR
centrifuge and then soaking the CNF in acetone for 30 min while mag-
netically stirring and repeat twice. The second solvent exchange was
from acetone to anhydrous glacial acetic acid, by removing the acetone
using a centrifuge and then soaking the CNF in anhydrous acetic acid for
1 h while magnetically stirring. The anhydrous glacial acetic acid was
removed by centrifuging. The CNF was added to a mixed solution of 250
ml toluene, 200 ml anhydrous glacial acetic acid, 1 ml sulfuric acid and
magnetically stirred for 10 min, 60 ml of additional anhydrous glacial
acetic acid was added while stirring. The acetylation process was per-
formed while magnetically stirring for 3 h. The ACNF mass was washed
and centrifuged several times using deionized water. Finally, a small
amount of sodium hydroxide was added in order to increase the pH to
6-8 prior to the final washing of the mass and water was added to get
a 0.65 wt% ACNF suspension. ACNF films were obtained by cast dry-
ing the suspension in petri dishes in order to achieve a grammage of 60
g/m? for the thin films.

Inkjet printing. A Fuyjifilm Dimatix Materials Printer DMP-2831
was used to print patterns with the AgNP ink on the substrates using
a cartridge with a drop volume of 10 pl. The AgNP ink was chosen
for printing, due to its suitable surface tension and viscosity for the
printer [37-39]. The jetting voltage and drop spacing used for print-
ing are 22-28 V and 25 um, respectively. A delay time of 5 min was
used between the layers, when printing multiple layers. A Xenon flash-
lamp system (t=30 seconds) and an oven (140 °C, 15 minutes) were
used for the sintering of the AgNP ink after printing.

Characterization of ink - substrate interaction. Theta Flex opti-
cal tensiometer was used to measure the surface energy, surface tension
and contact angle (CA). The CA of deionized water, di-iodomethane and
glycerol on the surface of CNF, ACNF and CRM films was measured
for 10 seconds using sessile drop measurement in order to calculate
the surface energy of the substrates. The software OneAttension used
the Owens — Wendt — Rabel & K aelble (OWRK) model to calculate the
surface energy of the substrates. The surface tension of the ink was mea-
sured using pendant drop measurements for 10 seconds. The CA of the
ink on the substrates were measured for 300 seconds using sessile drop
measurements. A drop volume of 3-5 pl was used in the measurements.
The CA measurements were made without sintering.
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Characterization of print quality. An optical microscope (Olympus
SZX10) was used to analyze the quality of the printed pattern and the
spreading of the ink on the substrate after sintering. The printed pattern
for the optical microscope consisted of 1-4 layers of ink and was 20 mm
long and 0.1 mm, 0.3 mm, 0.5 mm, 0.7 mm and 0.9 mm wide.

X-ray microtomography was applied in characterization of the thick-
ness and roughness of the printed patterns, and the roughness of only
the ACNF and CRM substrates. It was deemed unnecessary to do the
measurements for the CNF substrate, due to its poor electrical proper-
ties. Sample of approximately 1 mm X2 mm of each material was imaged
using Xradia microXCT-400 device (Xradia, Concord, California, USA)
with 1.1 um pixel size. X-ray tube acceleration voltage was set to 50 kV
and power to 4 W, and 1900 projection images over 190° of sample
rotation were collected with 8 s exposure time each. The projection im-
ages were reconstructed into three-dimensional volume images using
the pi2' software.

The reconstructions were cropped to remove unnecessary empty
space around the sample, and the surfaces of the prints and the sub-
strates were found using the Carpet algorithm [40]. There, an interface
between two materials is defined as the converged position of a soft
carpet-like surface following specific Edwards-Wilkinson dynamics. The
result of the method is a height of the interface above some datum as
a function of lateral position, i.e., a height map. The thickness of the
printed layer was then defined as the difference of its top and bottom
surface height maps. Holes in the print were defined by locations where
thickness was zero or negative.

In order to characterize the roughness of the printed surface and the
roughness of the substrate surface, the corresponding height maps were
first high-pass filtered (¢ = 33 um) to remove height variations caused
by the global curvature of the sample. Then, the mean value of the fil-
tered height map was subtracted from it, resulting in a surface roughness
map. Finally, the mean absolute height (Sa) and the root mean squared
(RMS) height (Sq) of the map were calculated in order to characterize
the differences in roughness of the surfaces.

Image analysis was performed with the pi2 software.

Characterization of electrical properties. The resistance of the
printed patterns were measured using Fluke 789 multimeter. The length
and width of the printed pattern was 50 mm and 1 mm, respectively,
with 5 mm squared measurement pads in both ends. The pattern was
printed on CNF, ACNF and CRM substrates with 1-4 layers. The sheet
resistance was measured using the Ossila Four-Point Probe System from
a pattern, 40 mm long and 30 mm wide with 4 layers printed on ACNF
and CRM.

The relative permittivity was estimated using the differential phase
length method [41]. Two transmission lines (/; =40mm, /, = 80mm)
with coplanar waveguide (CPW) geometry were printed on the ACNF
substrate and then measured for their phase response as a function of
frequency. A pair of measurement probes, which consist of an SMA con-
nector with soldered pogo pins, were attached to adjustable micrometer
platforms. Through these probes the ends of the transmission lines were
connected to a vector network analyzer (R&S ZNB8) for measuring the
phase response. The substrate was supported by a 3-D printed platform
ensuring that the immediate environment above and below the substrate
was air. The effective permittivity ¢, is expressed as

_ Agc 2
Eeﬁ_<2ﬂfAL> B (€Y)

where A¢ is the difference between the unwrapped phase responses
of the lines, c is speed of light in vacuum, f is frequency and AL is
length difference of the lines. The relationship between ¢, and the sub-
strate’s relative permittivity ¢, depends on the exact geometry of the
line. €, was determined by using an electromagnetic (EM) simulation
of the line geometry with Keysight ADS LineCalc program and iterating

! Freely available at https://github.com/arttumiettinen/pi2.
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Table 1

The surface energy measurements for cellulose nanofiber (CNF),
acetylated cellulose nanofiber (ACNF) and commercial reference
material (CRM) films. The initial (t=0 s) and final (t=300 s) con-
tact angle (CA) for the silver nanoparticle (AgNP) ink on CNF,
ACNF and CRM.

Cellulose Acetylated Commercial
nanofiber  cellulose reference
(CNF) nanofiber (ACNF) material (CRM)

y'°t (mN/m) 31.31 43.43 40.93

y¢ (mN/m) 29.41 28.56 36.98

yP (mN/m) 1.90 14.87 3.95

Initial CA (°) 33.34 14.3 57.98

Final CA (°) 19.71 6.28 48.48

different values for ¢, until the simulated ¢, matches the value from
measurement.

Characterization of Mechanical properties. The adhesion of the
printed pattern on the ACNF and CRM substrate was tested using a tape
adhesion test, using 3M 811 Removable tape (width 19 mm). A pat-
tern, with a length and width of 40 mm and 30 mm, respectively, was
printed onto the substrates in four layers of ink. The printed substrates
were glued to a cardboard using tape, covering some of the printed pat-
tern. A piece of tape was firmly pressed onto the printed pattern on
the substrates. The tape adhesion test was performed by slowly peeling
the tape off at a 90° angle. Before and after the test, the sheet resis-
tance was measured using Ossila Four-Point Probe measurement device
and images of the printed area were taken using an optical microscope
(Olympus SZX10) and a camera.

A Bending Tester L&W SE 160 was used to measure the bending
resistance of the ACNF and CRM substrates with a printed pattern. The
width and length of the substrates were 38 mm and 80 mm, respectively.
The bending angle and length used were 30° and 50 mm, respectively.
The pattern was printed using four layers of ink and the length and width
of the pattern was 40 mm and 1 mm, respectively, with 5 mm squared
measurement pads in both ends. The resistance was measured using a
multimeter after each test. After 10 bending measurements with a 30°
angle, the settings were changed to creasing in order to achieve an 90°
angle.

3. Results and discussion
3.1. Ink - substrate interaction

The interaction between the ink and the substrate before sintering
was investigated by measuring the surface tension of the ink, the surface
energy of the substrates and the CA of the ink on the substrates. The av-
erage surface tension of the AgNP ink was measured as 28.7 mN/m. The
surface energy (y™!), dispersive component (y%) and polar component
(yP) for CNF, ACNF and CRM substrates are displayed in Table 1.

The surface energy is much lower for CNF compared to ACNF, due
to the significantly higher polar component for ACNF. Acetylated cellu-
lose is usually more hydrophobic and has a lower polarity compared to
untreated cellulose [42-45]. However; sodium hydroxide (NaOH) treat-
ment has been shown to increase the polarity of cellulose [46]. The use
of NaOH to adjust the pH of the ACNF was deduced to be the main rea-
son for the increase in the polarity [47]. It should be noted that the
dispersive component is still higher for ACNF compared to the polar
component.

Moreover, the dispersive component of CRM [48] is higher compared
to CNF and ACNF, however; the total surface energy of CRM is quite
similar to ACNF. In addition, the ratios between dispersive or polar com-
ponents in comparison to the total surface energy are clearly different
for the ACNF (higher polar share and lower dispersive share) compared
to the other substrates.
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(a) (b)

(c) (d)

(e) ()

Fig. 1. Initial (a, c, e) and final (b, d, f) CAs of AgNP on CNF (a, b), ACNF (c, d) and CRM (e, f).

The initial (t=0s) and final (t=300 s) CAs for the AgNP ink on CNF,
ACNF and CRM substrates are also displayed in Table 1 and Fig. 1. The
initial and final CAs for the ink are the largest for the CRM substrate
whilst the smallest for the ACNF substrate. ACNF and CRM have simi-
lar surface energy, yet the CA is significantly lower for the ink on the
ACNF substrate compared to the CRM substrate. As explained by Wik-
lund et al. [1], a higher surface roughness can increase the wetting and
decrease the CA of the ink on the substrate if the CA is lower than 90°.
The RMS height of the ACNF and CRM substrates are 1.5 um and 0.8 pum,
respectively. Additionally, higher porosity for CNF and ACNF substrates
cause a higher absorption of the ink. However, the change in CA dur-
ing the 5 minute (t=300 s) experiment is the smallest for ACNF and
the largest for CNF. This means that the wetting of the ink on the ACNF
substrate is instant, while the change in CA advances with the solvent
evaporation and absorption. On the other hand, the change in CA for
CRM can be explained in terms of the spreading of the ink and solvent
evaporation.

3.2. Print quality

The print quality was examined by measuring the width, thickness,
RMS height, and hole area fraction of the printed pattern on the sub-
strate. The measured width of the printed pattern is wider than the
desired printed width. This difference in width is due to the spread-
ing of the ink on the substrate. In Fig. 2a spreading of the ink for 1-4
layers of ink on CNF, ACNF and CRM is displayed.

The printed pattern on CRM substrate show significantly more
spreading compared to CNF and ACNF, which could be related with
the larger absorption rates of the ink on CNF and ACNF. Additionally,
the smoother surface of CRM could allow for the ink to spread more eas-
ily. The spreading of the ink on the CRM substrate is approximately the
same (~0.5 mm) for 1, 2, 3 or 4 layers of ink, which means that the ad-
ditional layers of ink do not display any more spreading compared to
the first layer. The explanation for this is that the spreading of the ink
on the CRM substrate occurs during the sintering process.

The spreading of the ink on the ACNF substrate is mostly the small-
est and it increased slightly for each additional layer of ink. This could
be explained by a partial absorption of the ink into the pores [49] of
the ACNF film for the first ink layer, which allows for more spreading
of the ink for every subsequent ink layer. The larger fibers in the CNF
film compared to the ACNF film [50,28] results in less homogeneous
substrates, which makes the spreading of the ink more unpredictable.

Fig. 2b shows optical microscope images of 0.1 mm wide printed
pattern on CNF, ACNF and CRM substrates with 1-4 layers. The printed
pattern on CNF is clearly less uniform than the printed patterns on ACNF
and CRM. When printing 4 layers of ink on CNF and ACNF substrates a
small separate line can be seen parallel to the printed pattern. This line
becomes more visible for each printed layer and it is caused by satellite
droplets. These satellite droplets are not visible on the CRM substrate,
because the significant spreading of the ink, which covers them.

The thicknesses of the layers of ink on ACNF and CRM substrates
are displayed in Fig. 3a. The thickness of the ink pattern on the ACNF
substrate is 4 pm and it increases by approximately 1.6 um with each
additional ink layer. For the ink pattern on the CRM substrate, the first
ink layer is significantly thicker compared to the ink layer on the ACNF
substrate, 5.7 um. This difference can be explained by the partial ab-
sorption of the ink into the ACNF substrate. Interestingly, the increase
in thickness for each subsequent ink layer is subsiding on the CRM sub-
strate.

In Fig. 3b, the RMS height and hole area fraction of the ink layers
on the ACNF and CRM substrates are displayed. The RMS height of the
ink layers on the CRM substrate are around 2 +0.25 pm regardless of
the amount of layers. For the ACNF substrate, the RMS height of one ink
layer was 2.9 um and it increased for each subsequent layer, reaching
4.3 um for 4 layers. The RMS height is higher for the ACNF substrate
compared to the CRM substrate, the ink layers on the substrate intensify
the RMS height of the substrate itself.

The hole area fraction of the printed pattern on the ACNF substrate
decreases with every subsequent layer of ink, from 33% to 13%. The
holes in the ink layers can be caused, e.g. by absorption of the NPs
into the pores of the substrate. This is due to each additional ink layer
covering some of the holes left by the previous layer. For instance, the
ink layers on the CRM substrate have a hole area fraction of 14% for
one ink layer while it is only 4% for four ink layers.

3.3. Electrical properties

The electrical properties were studied by measuring the relative per-
mittivity of the ACNF substrate, and the resistance and sheet resistance
of the printed patterns on the substrates. The measured resistance of the
printed test patterns on CNF, ACNF and CRM with 1-4 layers of ink are
presented in Fig. 4. The resistance decreases significantly by increasing
the amount of ink layers used on ACNF and CRM. However, it was not
possible to get any values for the patterns on CNF substrate with 1-3
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Fig. 2. (a) The spreading of the ink for 1-4 layers of ink on CNF, ACNF and CRM. (b) Microscopy images of 0.1 mm wide printed pattern on CNF, ACNF and CRM
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Fig. 3. (a) The thickness of the layers of ink on ACNF and CRM substrates. (b) The root mean squared (RMS) height and hole area fraction of the printed layers on

ACNF and CRM substrates.

layers of ink and the resistance for 4 layers of ink on the CNF substrate
is 5 M Q. This is mostly due to the absorption of the NPs and the higher
surface roughness. If the ink particles are not connected after sintering
across the pattern, it is not possible to measure the resistance. Using 4
layers of ink, the resistance achieved was 1.2 Q and 1.6 Q for CRM and
ACNF, respectively. The mean sheet resistance for four layers of ink on
the ACNF and CRM substrates were 11 +0.3 mQ/sq and 7 +0.5 m€/sq,
respectively.

The mean value of the relative permittivity ¢, of the ACNF substrate
was calculated as 13.2 over the frequency range of 2-6 GHz. The value
was obtained by considering the measured effective permittivity €,
of CPW transmission lines printed on the substrate. ¢,; between 2-6
GHz was 1.70 with a standard deviation of 0.07. This variation yields a
range of 12.0-14.5 for the relative permittivity of the substrate. More-
over, considering a total of +1 mm positioning error in the placement
of measurement probes on the samples yields a possible range of 1.61-
1.78 and 11.7-14.6 for the mean values of €, and ¢,, respectively. It
is important to note that the relative permittivity value is applicable
for the printed CPW transmission lines on the substrate. Due to possi-
ble anisotropy of permittivity, the results may differ depending on the
orientation of electric fields in the material when used with a different
method of measurement or application.

The measured resistance of the
printed pattern on the substrates
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Fig. 4. The measured resistance for the printed pattern on CNF, ACNF and CRM
with 1-4 layers of AgNP ink.
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Fig. 5. The printed pattern on the ACNF substrate (a) before and (b) after the adhesion test, (c) before and (d) after the adhesion test for the printed pattern on the

CRM substrate.

3.4. Mechanical properties

The mechanical properties of the printed patterns on the substrates
were investigated by testing the adhesion and bending resistance. The
adhesion of the ink on the CRM substrate was significantly less com-
pared to the ACNF substrate, as can be seen from Fig. 5. The sheet
resistance was not possible to be measured after the adhesion test due
the ink layers being completely removed by the tape from the CRM sub-
strate. The ACNF showed much higher adhesion with only one larger
area and otherwise smaller areas (< 1mm) of the ink layer being removed
by the tape. The sheet resistance remained approximately the same after
the adhesion test. The better adhesion characteristics between the ink
and the ACNF substrate can be explained by the rougher surface and
higher porosity. When printing, part of the ink fill the small pores in the
ACNF film, which makes the ink-ACNF substrate interface harder to be
separated compared to the one with a smooth surface without pores. A
high surface roughness and porosity can on the other hand cause crack-
ing and discontinuities in the printed pattern [9]. Both of these aspects
need to be taken into account, when designing a substrate for printed
electronics. The choice depends on the application and the environmen-
tal requirements of the printed device.

There was no change in the resistance for the printed patterns on nei-
ther the ACNF nor the CRM after 10 bending resistance measurements
using 30° angle. Nonetheless, after changing the angle to 90°, the ad-
hesion started to fail for the CRM and the resistivity was not possible to
measure after an average of additional 13 bending cycles. In addition,
the resistivity for the ACNF samples also started to slowly increase after
several measurements.

The ACNF film would make a great substrate for printed electronics,
considering the excellent results of this study. These include the instant
wetting of the AgNP ink on the ACNF substrate, in addition to, the re-
markably good quality, resistance, adhesion and bending resistance of
the printed AgNP pattern on the ACNF substrate.

4. Conclusions

In the present study, the suitability of ACNF substrates for printed
electronics was investigated. For this objective, the interaction between
the AgNP ink and ACNF substrate, print quality, electrical and mechan-
ical properties were examined in detail. The results were compared to
the ones measured for the ink on CNF and/or CRM substrates, when ap-
plicable. The wetting of the ink on the ACNF substrate was deduced to
be very good while the CA was very small and did not decrease much
during the experiment. The print quality achieved on the ACNF sub-
strate was determined to be high through comprehensive analysis of
ink spreading characteristics. It is here noteworthy that pattern designs
in printed electronics need careful considerations of the ink spreading
to minimize the gap between the design and actual device. Moreover,
the electrical properties of the printed pattern on the ACNF film (1.6 Q
resistance) were almost as good as the one for the CRM substrate (1.2
Q resistance), especially when printing four layers of ink. Furthermore,
the mechanical characterisation of the printed pattern on the ACNF sub-
strate were significantly better when compared with the ones for the
CRM substrate. The results of this investigation demonstrate that ACNF
can be used as a reliable and sustainable substrate for printed electron-
ics with careful considerations of the spreading of the ink during the
design stage and the use of enough layers of ink during the printing
stage. Due to the time-consuming and laborious manufacturing process
of ACNF films, mass production using this method would be difficult
at this stage. Additionally, if the environment where the printed de-
vice is used in is very humid, the printed pattern will dissolve. In order
to protect the device, lamination process would be required. If these
limitations would be overcome, inkjet printing electronics onto ACNF
substrates would both reduce the use of non-renewable materials and
simplify the recycling of the electronic waste, compared to the electron-
ics produced using the traditional subtractive technique on fossil-based
substrates. Additionally, this method of producing printed electronics
enables the production of prototypes and small batches for a relatively
low cost in comparison with other methods.
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