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Abstract

Novel designs for flexible strain-gauge sensors have been widely reported, yet
remained unsuccessful in distinguishing complex characteristics of the multi-
dimensional strain. Here, to overcome the limitation of the conventional single axis-
strain sensor, we demonstrate a multi-dimensional strain sensor composed of two
layers of pre-strained silver nanowire percolation network with decoupled and
polarized electrical response in principal and perpendicular directional strain. The
information on the magnitude and effective direction of surface strain are
successfully calculated up to 35 % maximum strain. At the same time, the fabricated
multi-dimensional sensor exhibits a markedly large gauge factor (>20) at excellent
agreement with a model predicted by 3D percolation theory. The potential of the
proposed sensor as a versatile wearable device has been further confirmed through
its implementation as a large-area multi pixel strain sensor array on a human hand

and a remote controller for an artificial 3D simulation model.

Keyword : multi-axis strain sensor, nanowire percolation network, stretchable
electronics, anisotropic resistance change
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ablation. The inset shows the microscopic image of ablated region of
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Chapter 1. Introduction

1.1. Study Background

Wearable skin-like strain sensors are becoming essential in diverse future
applications, such as motion detection [ soft robotics 2% and various
biomedical applications 2131416181 As depicted in Figure 1, Among numerous
nanomaterials and structures used to achieve novel flexible strain sensors, those
based on carbon tend to exhibit greater mechanical performance 219221 and gains
unique potential of transparency 823241 but also suffer from a low gauge factor (GF)
and electrical conductivity. Similarly, sensors built with capacitive structures (101123
demonstrate excellent linearity and low hysteresis but due to the theoretical
limitations, also possess poor GFs (maximum of 1). Of this latter type, sensors based
on silver nanowires (Ag NWs) 525271 gre suggested as the most promising candidate

based on their excellent electrical and mechanical properties.

Capaticitive Sensor Carbon based Sensor Silver based Sensor

Yao et al, Nanoscale 2014 Tadakaluru et al, Sensors 2014 Amijadi et al, ACS Nano 2014

Figure 1 | Various types of strain/pressure sensors
However, in comparison to other recently reported silver-based strain sensors,
they are only capable of detecting strain in a single direction. This hinders their
application to detect more complex multi-axial, multi-dimensional strain conditions,

with the only applicable uses being limited to areas on the body such as finger and
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knee joints (i.e., single axial joints). These sensors have also limited research into
the quantitative determination of complex conditions in various surface strain
environments. In order to obtain relevant information under such conditions, sensors
need the ability to detect strain in multi-dimensional directions so as to emulate the
strain environment. However, it is difficult to make multi-dimensional strain sensors
because they usually show strong coupled electrical conductance change in major
axis of the principal strain and perpendicular direction due to Poisson’s ratio. This
problem becomes more severe under large strain condition and the conventional
strain sensor needs to be exactly aligned with the principal strain to obtain accurate

strain value.



1.2. Purpose of Research

To address the shortcomings of conventional single axis-strain sensor and to
develop a novel scheme to detect random strain, this paper presents a highly
stretchable and sensitive multi-dimensional strain sensor capable of detecting in real-
time ‘skin-like’ multi-dimensional strain loadings using pre-strained Ag NW
percolation networks. This relies on two pre-strained percolation network layers
intersecting each other, with decoupled electrical resistance change to the major axis
of the principal strain and perpendicular direction and thus independently detecting
the x and y axis of the surface strain environment. This sensor is demonstrated to
possess excellent performance (GF~20), large strain measurement (> 35%) and
dynamic load performance with negligible hysteresis. Moreover, very long (>80 um)
nanowire arrays are used to allow an excellent mechanical and electrical stability in
percolation network and uniform output signal. The response of the sensor was
theoretically studied using 3D-percolation theory, which showed excellent
correspondence with the experimental signals. Computational application of the
sensor to the 3D model also allowed it to be successfully operated as a multi-axial
controlling device. The amplitude and angle of strain was calculated from the signal
obtained from the sensor in real-time, allowing the virtual 3D model to be controlled
through finger movements. The proposed Ag NW network was also applied to 4 x 4
multi-pixel strain sensor array, fabricated by UV laser ablation, which allowed
various strain conditions to be simultaneously monitored and modeled by surface

strain distribution mapping.



Chapter 2. Fabrication

2.1. Fabrication of the Strain Sensor

Multi-dimensional strain sensor composed of pre-strained Ag NW percolation
network layers were prepared by vacuum filtration and transfer, as shown in Figure
2a. In this, a uniform percolation network film is first obtained by filtration of Ag
NW solution, and then transferred to a pre-strained (100 %) PDMS substrate by
applying uniform suction. The exterior of the Ag NW network is then detached and
patterned by peeling off the adhesive film (Figure 2a-2c¢). Next, the patterned, pre-
strained Ag NW film is encapsulated by a PDMS micro electrode channel layer with
an uncured PDMS glue layer, the latter being designed to penetrate into the pore
spaces between the Ag NW interconnections. After curing to attach the
encapsulation layer, all of the Ag NWs become buried between the layers to form a
sandwich structure. This tri-layer system is not only mechanically stable, but also
resistant to surface buckling known to cause irreversibility of the resistance profile
BI. EGaln is then injected into this micro channel to act as a stretchable liquid
electrode, as this material offers a low viscosity at room temperature and a relatively
high conductivity (o = 3.4 x 104S/cm) [?® 2%, More importantly, it maintains its
fluidity after injection, which is a critical factor in establishing electrical contact
between the patterned Ag NW film and the electrode during deformation of the
sensor. With the help of this liquid metal channel, the entire surface of the sensor can
be deformed, allowing it to be used as a non-flat surface mountable device. Finally,
two of these sandwich-structured assemblies were attached while intersecting each

other (Figure 2d), with each functioning as single axis (x or y) strain sensors. The



structure of the resultant multiaxial sensor is shown in Figure 2e, which is composed

of two individual pre-strained Ag NW strain sensors.
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Figure 2 | Fabrication of a multidimensional strain sensor. (a) Vacuum filtration
and transfer of very long Ag NW percolation networks. (b) Transferring process to
the pre-strained PDMS substrate. (c) Edge patterning by detaching adhesive film. (d)
Encapsulation of micro electrode channel and subsequent EGaln injection. (e)

Schematics showing two layers of the multi-dimensional strain sensor.

Optical photographs of a single pre-strained Ag NW strain sensor, two Ag NW
sensors pre-strained at perpendicular directions, and final multidimensional strain
sensor after interlocking are shown in Figure 3a-3c, respectively. Pre-strained
AgNW films were prepared by pouring a 0.01 wt% AgNW solution dispersed in
ethanol through a 0.2 um porous membrane filter (diameter = 49 mm). Any ethanol
remaining on the filter was gently dried by an air blower, after which the target pre-
strained substrate (PDMS) was placed on top of the filter. A uniform vacuum

pressure was applied to transfer the AgQNW layer on to the target substrate, and then
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the membrane was peeled off to leave the AQNW layer on the pre-strained substrate.
This pre-strained substrate then steadily returned to its original non-strained

condition.

3 i\ =) ‘m, »

w2y § .
: - Electrode

Pre-strain direction

L | + L Metal layer

Interlocked

Figure 3 | Fabricated multidimensional strain sensor. (a) Single layer of the
fabricated sensor. (b) Top and bottom layer before attaching. (c) Interlocked system

of a multi-dimensional sensor with wire connection.

Patterns of micro electrode channels on the cover layer were defined by
photolithography. PDMS (Dow corning, Sylgard 184) was poured on the wafer with
SU-8 patterned master wafer and fully curing it in an oven at 100 °C for 20 mins.
After peeling the cured PDMS from the wafer, channels measuring 250 pm in height
were obtained (the fabrication of SU-8 master mold can be also replaced with the
simple maskless fabrication. A PDMS glue layer was then spin coated onto the
bottom of this cover layer and partially cured in an oven at 50 °C for 30 mins. Next,
the partially cured cover layer was attached to the pre-strained AgNW film layer and
fully cured in an oven at 100 °C for 10min. After injecting EGaln (Aldrich) into the
channel by applying a positive pressure with a syringe, a single copper wire was
inserted into the EGaln-filled micro electrode channel to transfer current and enable
resistance measurement. The resulting channels therefore act as a stretchable and

flexible electrode.
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Figure 4 | Micro Electrode Mold (a) Micro electrode channel SU-8 mold on Si-
wafer (b) Embossed PDMS mold made by Kapton tape (for the maskless simple

fabrication of PDMS micro electrode channel)
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2.2. Material

Modified polyol method was used to synthesize very long AgNWs. 0.234 g of PVP
(Mw ~360,000) was added to 50ml of EG and dissolved by using a magnetic stir at
150 °C. Afterward, a Cu-additive (CuCl,) solution was dumped to PVP Solution.
After 5~10 minutes, 15 ml of a 94 mM AgNOs solution were injected sequentially.
The reaction condition was maintained until the synthesis was completed. The
synthesized AgNWs were cleaned with acetone and ethanol at a 10:1 v/v ratio three

times and collected by centrifugation of 3000 rpm for 20 mins. The SEM image of

the synthesized silver nanowire is shown below.
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Chapter 3. Result

3.1. Pre-strained AgNW

The microscopic behavior of the surface of the pre-strained Ag NW film under 100 %
applied strain in either the parallel (right column) or perpendicular (left column)
direction with respect to the pre-strain direction (central column) is shown in Figure
6a SEM pictures. Note that as the PDMS substrate shrinks to its original size after
Ag NW transfer process, the surface of the Ag NW film becomes corrugated. This
pre-strained Ag NW percolation network film vyields decoupled electrical
conductance change in the applied mechanical strain direction and perpendicular
direction, while the GF for conventional single axis strain sensors show highly
coupled electrical conductance change due to Poisson’s ratio. The physical
phenomenon behind the polarized and decoupled resistance change in perpendicular
direction and parallel direction (Figure 6b) can be explained by these surface
conditions. The strain applied to the pre-strained direction (Figure 6a, right inset,
‘parallel direction’) caused the surface to become unwrinkled, yet still maintain its
percolation network and electrical conductance until it reaches the pre-strain value.
This made possible by the fact that Ag NWSs are very ductile and malleable, and
therefore capable of enduring a large degree of strain and deformation 2. Since the
corrugated surface is structurally flattened along the parallel to the pre-strain
direction (Figure 6a, right inset, ‘parallel direction’), a resistance shows almost no
change up to certain strain. In contrast, the strain applied to the perpendicular to the
pre-strain direction (Figure 6a, left inset, ‘perpendicular direction’) causes the
distance between nanowires to increase, deforming them in the strain direction while

maintaining their wavy surface in parallel direction. Since the Ag NWs used in this
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study is much longer ( >80 pm) than typical Ag nanowires (1-20 pum) Bl it is
possible to make more effective use of the percolation network with greater

stretchability B% and stability of the resistance profile under the strain in any

direction.
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Figure 6 | Decoupled and polarized response of the Ag NW network strain
sensor. (a) SEM image showing the surface of the sensor when strain is applied in
the perpendicular (right column) and parallel direction (left column). (b) Variation
in resistance for parallel (0°) and perpendicular (90°) directional deformation in
comparison with the theoretical value derived by 3D percolation theory. (¢) Sheet
resistance as a function of the volume of silver nanowires. The inset shows a

logarithmic plot of the data with a linear fit.
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As shown in Figure 6b, a strain applied at 0° (triangle symbol, parallel to the pre-
strained direction) generates almost no resistance variation, while a 90° strain
(square symbol, perpendicular to the pre-strained direction) generates a dramatic
increase in resistance. In other words, the proposed pre-strained strain sensor shows
polarized and decoupled resistance change to a principal strain axis and therefore;
displays a sinusoidal response to off-axis strain angles. As a result, the two crossing
strain sensors are capable of independently detecting the transverse and longitudinal
axes strain. This trend has been maintained at least up to 35% strain, while the limit
of detection 2 towards the perpendicular direction is measured to be as small as
0.5%.

Physical analysis of the proposed Ag NW percolation network strain sensor was
carried out using 3D percolation theory o = ago(V —V,)*, where o, is the
electrical conductivity of the Ag NWs (630,000 S/cm), ¢ is the electrical
conductivity of the Ag NW network, V is the volumetric fraction of Ag NWs in the
filler (PDMS), V. is the volumetric fraction of Ag NW at the percolation threshold,
and a isthe critical fitting exponent. Figure 6¢ shows the change in sheet resistance
with nanowire volume, being measured by a four-point method after transferring the
metal layer to the glass substrate. For the given nanowire concentration of 0.1 mg/ml
(ethanol based) used in this study, the percolation threshold was calculated as a
surface concentration of 7.276 pl/cm?, the validity of which was confirmed through
Monte-Carlo simulation (Chapter 3.3). This percolation threshold represents the
minimum amount of Ag NWs required to ensure a successive percolation network
to achieve a conductive film. The best fitting line was obtained by taking a value of
a a =1.612, which corresponds to the inclination of the fitted line of the log(Rsn) vs

log(V-V) graph (Figure 2c, inset). As strain is applied, the volume of filler (Vpdms)
¥ _| ] ' 11
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is increased, while the volume of AgNW (Vagnw) remains the same. Consequently,
the volumetric fraction of V (Vagnw/Vpams) decreases with increasing strain, leading
to a decrease in conductivity. Using these obtained values, the theoretical variation
in resistivity was successfully calculated and found to match well with the
experimental values given in Figure 6b (red line). Furthermore, the initial resistance
of the strain sensor (5.3 Q) increased significantly to 36 Q, which is nearly seven

times larger than the initial resistivity when a 35 % strain was applied.
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3.2. Calculation of resistance through 3D percolation theory

The electrical conductivity of the g NW embedded PDMS composite is expressed

by 3D percolation theory B3l as:

o=ay(V-1)“ 1)

The volumetric fraction of Ag NW can be expressed as:

Vsil Vsilc a
- 2
”°(V0(1 T (l—ye)?  V, ) 2)
= o (it ( 1 _ Vsuc)“
vl \+a-ye)? Vg

©)

where V, is the initial volume of PDMS, V;;(181.8ul/cm?) is the volume of Ag
NW, Vg1c(7.276ul/cm?) is the volume of Ag NW at the percolation threshold, and
€ is the tensile strain. If we define K as V;;./Vs;;, then the resistivity and initial

resistivity of the composite under tensile strain can be determined by the following

equations:
R=po @
Ve, 1 1 +e)
a6 (araazye X @ wa—vez
_ VSU a_l -a l _ 6
R, = 00(70) (1-K) E (when € = 0) (6)

Then the resistance ratio is expressed as:
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1 _K -«
R (1+ &)1 —ye)? (1+¢)

R, 1-K (1—ve)? ()

From this, the resistance ratio under strain can be calculated by inserting the
experimental parameters (K = 0.048, o = 1.618) into Eq. 7.

In order to define the initial resistance value, we first need to calculate Eq 6. Since
the initial width (w) and length (1) are identical, a parameter for height (h) is needed
to define Eq. 6. For this, the silver layer was partially removed over a width of 3um
using laser ablation. An AFM image showing a 10um x 10pm sectional view of the
boundary layer is given in Figure S1, from which the average height of the silver
layer was calculated as 350nm. This AFM image was obtained using the SPA-400
scanning probe microscope installed at the National Center for Inter-university

Research Facilities (NCIRF) at Seoul National University.

659.43

[nm]

Height(um)

201.31

0 [nm] 11660.16

Figure 7 | Analyzing the height of the AgNW layer. (a) AFM image of the
boundary layer (b) SEM image of laser ablated region (c) Average height profile

from AFM
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3.3. Monte-Carlo simulation of resistance through 3D
percolation theory

Monte Carlo simulation was used to validate the experimental value of V.. For
this, a 2D simulation cell measuring 500um x 500um was first generated, in which
500 virtual lines of Ag NW were randomly distributed 3% These lines had a fixed
length of 80 um (the average length of very long Ag NWs in Figure S5), with the
percolation probability being determined from the formations of fully connected Ag
NWs between the top 5 % and bottom 5 % of the silver layer. Percolation probability

was averaged across 100 simulation runs for each segment.

. 8 8 3 8 8 §
- & &8 8 8 B §

Percolation probability
—

0.0 R

I L L L
0 100 200 300 400 500

=
- % & 8 8 § §
- % 8 8 8 § B

Nanowire concentration(#/500um”~2)

Figure 8 | Monte-Carlo simulation results. (a) Percolation probability versus
nanowire concentration (b) Wire distribution at 100#/500 pm? (c) at 2004/500 pm?

(d) at 300#/500 um? (e) at 400#/500 um?
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The percolation point could be defined as that at which the percolation probability
reaches 0.5, which from Figure S4, would appear to be around 250 nanowires per
500 pm?;

4xdxV (8)

N#/cm?) = —————
(#/cm”) pXmTXD2XL

where d is the concentration of the nanowire solution (0.1 mg/ml), V is the volume
of the nanowire solution used per area, p is the density of silver (10.49 g/cm?), D is

the diameter of the nanowires (100 nm) and L is the length of the nanowires (80 um).

From Eq. 12, the volume of nanowires used could can be obtained from reference
[35]

pXmTXD?xLXN

4xd ®)

V(ul/cm?) =

By inserting the number of nanowires at the percolation point (250 nanowires per
500 pum?) into Eq. 13, the volume of nanowires at percolation is found to be 6.592
ul/cm?, which matches well with the experimental value of 7.276 pl/cm?.

In addition, the number concentration (#/area) of nanowires at percolation threshold

computationally studied in the previous study ¢ are defined as:

L /7N, = 4.236 (10)
Substituting [ = 80 um gives N, = 223 nanowires/ 500 um?, which also well

matches with the calculated value from Monte-Carlo simulation.
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3.4. Off-axis strain detection of multi-dimensional strain
sensor

In order to demonstrate the proposed sensor’s ability to detect multi-dimensional
strain, the results obtained by the experiment shown in Figure 9 were compared with
theoretical calculations (black lines in Figure 9c-9e). The resistance of the Ag NW
percolation network film pre-strained in the x-direction (parallel to the pre-strained
direction) is affected by the strain applied in the y-direction (perpendicular to the
pre-strained direction). Therefore, if there is a strain ¢ applied in the off-axis
direction (maximum principal strain direction, 8 degree rotated from the pre-strained
direction), the deformation affecting electrical conductivity will be §-sin®). Owing
to the inherent limitations of a single-axial tensile testing stage, applying a uniform
axial strain in a specific off-axis direction is the most challenging technique in the
aspects of theoretical and quantitative analysis. This problem was therefore
approached by simply rotating the metal layer during the transfer process rather than
vary the axial direction of strain, as depicted in Figure 9b (where the direction of
strain is maintained along the x-axis). The effective strain (ES) factor in this case is
determined as cos6/(1+tan8) (See Chapter 3.4), and makes it possible to calculate
the effective strain by simply multiplying to the original strain value. This, in turn,
allows the amplitude of the resistance to be predicted for various strain directions, as
shown in Figure 9c-9e (blue triangles, ‘projected from experiments’). A single Ag
NW percolation network layered sensor was deformed in a tensile testing stage while
measuring the minute resistance variation at 1.25 % strain intervals. As mentioned
earlier, the response output of the sensor increases with off-axis angle (90°,

perpendicular to the pre-strained direction), and by multiplying the ES factors at 60°,
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45°and 30°(0.549, 0.353, 0.183 respectively) with their corresponding strain values,
the effective strain is found to match perfectly with the original resistance profile at
90° strain angle deformation (black lines). This successfully demonstrates the
accurate performance of the strain sensor, and from the information above, it is
possible to calculate and predict the resistance responses on arbitrary strain
directions and strain values. Moreover, one can inversely calculate both the
magnitude of the maximum principal strain and its direction from the measured
change in resistance by using two perpendicular strain sensors, as these

independently detect the perpendicular axes of the maximum principal strain.
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Figure 9 | Detecting off-axis principal strain. (a) Schematic of the strain
components applied to the strain sensor. (b) Photographs of the metal layer rotated
to different angles. (c-e) Comparison of the variation in resistance of the rotated
sensor with that of the sensor strained at 90°. Blue triangle lines shows the projected

strain value for 90° from experiment data for each off-axis rotation.
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3.5. Calculation of the effective strain for off-axis deformation

Strain components of the rotated strain sensor used to calculate the effective strain
on the sensor are illustrated in Figure 10. The rotated coordinates are defined as x*
and y*. As mentioned in the main paper, the effective strain would be § cos?6 (x*

direction), which is perpendicular to the pre-strained direction.

l (cosB+sinb)

strain ¢,

£,€05%0

Figure 10 | Schematic of strain components applied on the rotated strain sensor.

When a strain & is applied to the substrate as shown in Figure 10, the strain along

x* can be calculated from strain transformation as: 3¢

_ ex+ey Ex — &y Yy .
ex*—( > )+( > )c0529+73m29 (1)
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Since the strain is applied along x direction, €, = y,, = 0 and the equation is
simplified as:

Exx = €4 COS2 0 (12)

Considering when the total amount of elongation along x axis is dx: (e, - L = dx)

dx 5 dx - cos® 0
Exe = —COS“ 0 = —
L I(sin @ + cos 0)
(13)
dx ( cos >
1 \1+4tané
The effective strain factor (ES factor) would be therefore be:
cosf
PRI (14)
1+ tanf
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3.6. Cyclic response of the strain sensor

The response of the strain sensor under cyclic strain (Figure 11) were recorded in
various off-axis strain directions by applying minute manual deformation with
fingers. The black line represents the x-axis pre-strained sensor, while the red line is
the y-axis pre-strained sensor. As can be seen in the figure (Figure 11), an erratic
movement of the finger was precisely and instantaneously recorded on the output
signal. Under the off-axis strain at 0°, the y-axis pre-strained sensor (red line) shows
substantial response, while x-axis pre-strained sensor (black line) does not reacting
to the strain signal. At 45°, however, both x- and y- axis sensors show identical output
signals, while at 90°, the variation is opposite to that observed at 0°.

The maximum principal strain (amplitude and direction of maximum principal
strain) can be theoretically calculated using the schematic illustrated in Figure 8a.
If we assume that there is a strain § applied in the off-axis (6) direction, then the
strain on each axis can be expressed as &, = & cos?0 and 5,=6 sin?@ for the x-
axis and y-axis, respectively. The strain direction of the sensor can be expressed as

0 = tan~1,/8y/8x, and the amplitude of the maximum principle strain can be

further expressed as & = 8, /cos®6 or either as ¢ = &, /sin?6. Thus, the direction
of the maximum principal strain can be easily calculated by analyzing the amplitude
ratio of the two sensors’ output. For example, with 45° strain applied, the ratio
between &, and &, is one, which explains the identical strain variation observed.
To measure the accuracy and response time of Ag NW percolation network strain
sensor, a linear actuator system was used to apply dynamic cyclic strain (10%). The
output signals recorded from the sensor are given in Figure 12a, and show excellent

7]

-
|
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agreement with the resistance profile theoretically calculated from Figure 6b.
Figure 12b shows the long term reliability of the sensor. Signals collected after 1000

cycles showed that there is negligible change in the resistance profile with repeated

loading.

R/Ro

30 40 50
Time(s)

@ 90°

Figure 11 | Real-time monitoring of load-unload strain cycles at various off-axis

strain angles (0°, 45°, 90°, 30°).

a 2.0 T T T T T T T 5 T T T T
—— Experiment Strain-release
18k —— Strain profile cycle
4
° = o
& s c
ac % «
08} 1
06} 1
0 5 10 15 20 25 30 a5 0 200 400 600 800 1000
Time(s) Cycle

Figure 12 | Cyclic response of the proposed strain sensor. (a) Response of a strain

sensor under the prescribed dynamic strain profile. (b) Long term cyclic strain

response test (1000 cycles).
5 A=t 8
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3.7. Multi-pixel strain sensor fabrication

To detect areal strain distribution, a (4x4 array) of 16 pixels of pre-strained silver
nanowire network was fabricated by laser controlled ablation Bl (Nanio Air,

INNOLAS Co.).

# Laser spot

Ablated line -

Ablated
Region

Imm

Figure 13 | Multi-pixel array fabrication by laser ablation. (a) CAD model for
electrodes and multi-pixel arrays (b) CAD model for multi-pixel micro electrode
channel (c) Photograph of process of laser ablation. The inset shows the microscopic
image of ablated region of nanowire (d) Microscopic image of ablated metal layer

region.

&) 8t
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Each pixel was composed of a 5mmx 5mm metal layer island with 2.5mm intervals.

The laser properties were as shown below

Laser Conditions
Pulse frequency : 30kHz
Diode operating current : 37A
Diode standby current : 8A
Laser amplitude : 30W
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3.8. Applications of multi-dimensional strain sensor

The multi-dimensional strain sensors can be used as an input device of a maximum
principal strain information. A virtual 3D simulation model of a multi-axis
translation stages was connected to the multi-dimensional Ag NW percolation
network strain sensor and its movement was controlled by the strain sensor signal
with communication provided through a home-made data acquisition system linked
to a 3D CAD program. This allowed the model to be successfully controlled by a
finger in the 0°, 45° and 90° directions, as shown in Figure 14a.

Another advantage of Ag NW based strain sensor is that its patterning can be
conducted very easily. Through simple patterning process, Ag NW percolation
network enables spatial mapping of strain. A multi-pixel strain senor array of 16
(4x4) is fabricated by UV laser ablation patterning of the Ag NW percolation
network for simultaneous measurement of the spatial strain distribution. As an
application, strain distribution of the hand grip is monitored by the fabricated multi-
pixel strain sensor. Human hand is a very complex organ capable of many different
motions and fine motor skills. Therefore, it is extremely difficult to anticipate
complete hand motion by simply measuring its 2D strain state. We hence concentrate
on one of its representative motions - hand grip — which largely involves strain in y-
direction. In this purpose, other strain, such as abduction and adduction in x-direction,
affects the measurement as accumulating unwanted signals. Therefore, Ag NW
percolation network pre-strained in x-direction has been used to exclude the strain
components in x-direction which are irrelevant to our purpose. PDMS micro
electrode array was subsequently encapsulated above the metal layer pixels with

following process of EGaln injection, as demonstrated in Figure 14b.
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Figure 14 | Demonstration of applications of multi-dimensional strain sensors.

(a) Control of a virtual 3D translation stage using a multi-dimensional strain sensor.

(b) Photograph of a multi-pixel strain sensor array. (c) Photograph of the sensor

embedded in a glove to provide hand grip motion. (d) Mapping of the strain

distribution for hand grip motion in (c). () FEA simulation of 45° elongation and a

strain distribution of €_x. (f) Experimental mapping of the € x
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for random directions of strain loading. Experimental results show good agreement

with FEA simulation in (e).

The photograph of the resultant sensor embedded in a glove for the measurement
is provided in Figure 14c. In the strain distribution map provided in Figure 14d, the
brighter spot corresponds to a region of greater elongation. It is noticeable that the
maximum strain is detected at the joint as anticipated. To further explore the sensor’s
ability to detect random directional loadings, a 5 % strain was applied in the 45°
direction to the multi-pixel strain sensor. The experimental settings were identical to
those modeled in the finite element analysis (FEA) simulation (calculated strain
distribution through FEA in the x-direction (&,) are shown in Figure 14e). As
evidenced by the experimental results in strain mappings (Figure 14f), the sensor is
perfectly capable of distinguishing and detecting strain distribution on the surface,

showing excellent agreement with the strain distribution modeled by FEA simulation.
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Chapter 4. Summary

In summary, we have presented a highly sensitive, flexible and stable multi-
dimensional strain sensor that could be applied to next-generation multi-dimensional
electronic sensing devices. This sensor consists of a pre-strained metal nanowire
percolation network created through a simple fabrication method with the very long
nanowires of which greatly enhance the electrical performance of the sensor. The
proposed metal nanowire wire percolation network strain sensor showed highly
polarized and decoupled electrical resistance change in the axial direction and
perpendicular direction and could measure the maximum principal strain.
Experimentally obtained properties of the resultant strain sensor in terms of large GF
(~20) and large stretchability (35 %) show its potential to detect any kind of natural
strain where a large strain and sensitivity are required. Furthermore, as the sensor is
applicable to both 2-dimensional controlling devices and areal strain detection, it
may have high impact in the implementation of future wearable device that often
requires both monitoring and controlling of various surface conditions in human skin,

mechanical structures and soft robotics.
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