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S1. Previous researches of sensor according to measurable range and gauge factor.
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Figure S1. Previous researches of sensor according to measurable range and gauge factor [S1-

S12].



S2. Previous researches of multivariate measurable sensor.

Table S1. Previous researches of multivariate measurable sensor [S7, S9, S10, S13, S14].

Previous studies

Gauge factor

Measurable range (%)

Sensing type

C. S. Boland, et al.,

Sol4 35 80 Strain + Vibration
X. Liza(g)l, 6et al,, 9.65 150 Strain + Temperature

U.H, 2351;2’ etal, 1 150 Strain + Pressure

S. Yao ;18;143(- Zhu, 0.7 50 Strain + Pressure
W. an(r)l,l gt al., ; 100 Tem;)sgrr:tigrz, UV,

Electrocardiogram




S3. Material-Substrate Compatibility of AFN printed process.

Printing quality of AFN printing process was evaluated with four different level where X, A,

[ ], and O denote not deposited, scattered, deposited, and patterned, respectively as shown in

table S2. This study focused on AgNPs which was well deposited onto relative hard substrates
such as commercial PET, Kapton polyimied film, and commercial silicon wafer treated by

hydrogen fluoride (HF).

In terms of carbon fibre reinforced plastic (CFRP) and glass fibre reinforced plastic (GFRP),
since FRP usually has directional properties, AgNPs was printed onto saddle between each
fibre structure. However, major obstacle of using CFRP or GFRP as a substrate of sensor is
their electrical conductivity which disturbs measuring electrical resistance of printed

conductive nanomaterial pattern separately.

However, soft substrates such as polydimethylsiloxane (PDMS) showed completely different
results. Specifically, Sylgard 184 (Dow Corning, Inc., Midland, MI) and EcoFlex 0030
(Smooth-on, Inc., Macungie, PA) were used which are types of PDMS with low elastic
modulus of 1.84 MPa and 0.07 MPa, respectively. AgNP bounced back when it collided with

soft substrates and not deposited.



Table S2. Material-substrate compatibility of AFN printing process (Results added from Kim,

C.S., etal, 2013)

CFRP GFRP PI PDMS | PCB PE PP PMMA
TiO, X A A ]
Al,Os
BTO
CNT A A X O
Sn O O
Ni A A A
Al [
Cu X X
AIN
Ag 0] O
Ag/CNT A A X o
PET AlSI Cu Al Ni NiTi Si Si0;
TiO, O O O O ] O ]
ALOs m 0 0 m 0
BTO O
CNT X
Sn O O O O O O O
Ni A A O
Al A
Cu
AIN 0 0
Ag O
Ag/CNT




S4. The statistical results of printed sensor according to induced frequency.

According to previous research, it was observed that the generation of mechanical cracks
along its length by gradually increase the applied strain to the sensor [S1]. In experiments,
these cracks can be clearly recognized under the applied strain exceeds 1.5 to 2 %. Figure S2
presents magnified images of mechanical cracks captured by SEM after 4% of strain is
applied to the sensor. The cracks are created uniformly through the length direction, and they
are separated by around 76 pm in average.

The mechanical cracks are basically generated if tensile force applied to the sensor exceeds
the adhesive force between nanoparticles. The magnitude of adhesive force is usually
governed by the porosity of printed pattern, the pattern with lower porosity shows lower
adhesive force and cracks easily. It was also demonstrated experimentally in previous

research [S1].



100pm

Figure S2. SEM image of mechanical crack in developed sensor.



S5. Process reproducibility of AFN printing process.

To evaluate the process reproducibility of AFN printing process, power spectrum was
measured according to vibration frequency as shown in figure S3. Ten sensors were
fabricated by AFN printing process with identical process parameters and attached to
vibration shaker. Then, average and standard deviation of amplitude spectrum were calculated
from 100 Hz to 1000 Hz in units of 100 Hz. Experimental results exhibited that deviation of

amplitude spectrum was not exceeded 10% at all tested frequencies.
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Figure S3. The average and standard deviation value of vibration amplitude by frequency of

10 different sensors.



S6. Life-cycle evaluation test of AFN printed sensor.

First, life cycle evaluation test for strain sensing to evaluate the mechanical stability. Figure
S4 shows life cycle evaluation test results for printed sensor. Life cycle evaluation test was
conducted by 1,000 times of loading and unloading tests. After 10 — 20 cycles to stabilised,
printed sensor remained stable and the variance in peak resistance was under 5%. The life
cycle evaluation test for vibration sensing was also conducted. Figures S5 and S6 show the
relative resistance change and its RMS value of sensor signal during seven hours. According
to table S3, the RMS value during life cycle evaluation test remain with small deviation value

which demonstrates the robustness of printed sensor.
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Figure S4. (a) The evaluation results of life-cycle test for strain sensing and (b) its magnified

view [S15]



0.2 T T T T T T

0.15 | 7

0.05 N

Relative resistance change AR/R

Time (hr)

Figure S5. The evaluation results of life cycle evaluation test of vibration sensing.
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Figure S6. The RMS value of life cycle evaluation test of vibration sensing.



Table S3. The statistical analysis of RMS value of life cycle evaluation test of vibration sensing.

Average Deviation Maximum Minimum

0.0078 0.0024 0.0208 0.0050




S7. Environmental test of AFN printed sensor.

To analyse the change of resistance of printed sensor according to temperature and humidity,
respectively, the temperature-humidity chamber was utilised with data acquisition device.
The relative resistance change decrease until around 50°C and increase after as shown in
figure S7. The increase of relative resistance after 50°C was well followed the original
properties of AgNPs in terms of thermal coefficient in both heating and cooling process.
Hence, the reversibility of AFN printed sensor until sintering temperature was well verified.
Relative resistance also decrease by relative humidity of chamber as shown in figure S8. It is
assumed that the decrease was due to the increase of potential barrier between nanomaterials

by water molecules in nanogaps which behaved as a huddle to the motion of electrons.
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Figure S7. The relative resistance of printed sensor according to temperature.
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Figure S8. The relative resistance of printed sensor according to humidity.
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S8. The statistical results of printed sensor according to induced frequency.

Table S4. The statistical results according to induced frequency with 200 Hz.

Source Degree of freedom Sum of squares
fo=0 1 3.78
f1 =100 2 9.19
fo =200 2 50.72
f3 =300 2 9.74
fa =400 2 4.75
fs =500 2 4.69
fe = 600 2 4.57
13 87.44




Table SS. The statistical results according to induced frequency with 400 Hz.

Source Degree of freedom Sum of squares
fo=0 1 1.59
f1 =100 2 5.6
f> = 200 2 5.02
3 =300 2 3.96
fa = 400 2 48.04
fs =500 2 12.32
fe = 600 2 1.83
13 78.36

Table S6. The statistical results according to induced frequency with 600 Hz.

Source Degree of freedom Sum of squares
fo=0 1 7.65
f1 =100 2 1.19
fo =200 2 5.73
fz =300 2 5.4
fa =400 2 8.78
f5 =500 2 8.54
fe = 600 2 48.63
13 85.92




S9. Resistance measurement method in rotating environment.

30 T T T T T T T T T

Raw data
SenSOI' Sensor data
25 - §

Ring wire

N
o
T
1

-

W Y
9
L @
LR
h S

Resistance (ohm)
3 &

0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Figure S9. Schematic diagram of the resistance measurement method in rotating

environment.

Figure S9 shows the schematic diagram of the resistance measurement method in rotating
environment. Since the electrical wires to measure the resistance usually twisted when measure
a rotating object, we used the wire with a loop shape and hooked to the ring wire connected to
the shaft. By measure the resistance of the shaft and subtracting the original shaft resistance,
we could estimate the resistance of the sensor itself. The resistance which was not properly
measured during rotation, was inferred through linear interpolation by comparing the values

before and after.
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