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Abstract—This article develops a novel strain sensor with ultrahigh sensitivity and range that can be easily fabricated using
a paper-based electrolyte and two metal pins bought from a local hardware store. No cleanroom facilities are needed. The
sensor utilizes a new sensing principle consisting of a paper-based solid-state electrolyte, which deforms in response to
strain and changes its contact area with a pair of electrodes. This results in a highly sensitive capacitance change in a
double-layer supercapacitor. The new sensor is shown to have a monotonically increasing response for strains as large
as 25%, while at the same time providing a high measurement resolution of 0.025% strain. The new sensor could enable
a new generation of ubiquitous monitoring applications by replacing more expensive traditional strain sensors.

Index Terms—Mechanical sensors, solid electrolyte, strain sensors, supercapacitors.

[. INTRODUCTION

Strain sensors that measure size and deformation are of significant
practical importance in wearable devices and biomedical skin applica-
tions. As evidenced by recent publications, there is significant current
research interest in development of strain sensors that are flexible and
highly stretchable [1]-[4]. For example, flexible transducers consist-
ing of piezoresistive sensors made from metallic glass thin films [1],
resistive strain sensors made using metallic nanoparticles [2], highly
stretchable piezoelectric strain sensors designed using Kirigami [3],
and resistive strain sensors made from carbon nanotube elastomers [4]
have been reported. All of these devices use sophisticated fabrication
technologies that typically require the use of clean rooms.

On the other hand, sensors made using paper as a substrate,
with/without the use of cleanrooms, have been reported for appli-
cations such as microfluidics [5], [6], biosensing of analytes [7], [8],
and printed microelectronics [9]. Paper offers advantages of being in-
expensive, lightweight, environmentally friendly, and easy to use [10].
Mechanical strain sensors have also been previously fabricated using
paper-based substrates. In these previous sensors, functional resistive
materials, such as patterned carbon or graphite, are added on top of
paper substrates. As the paper is bent or stretched to generate a strain,
a change in the resistance of the functional materials is experienced.
However, currently available paper-based strain sensors suffer from
inadequate range and sensitivity. For example, a flexible and degrad-
able resistive strain sensor on a paper substrate was reported in 2017
[11] that can detect strains as small as 0.2% but has a low sensing range
(<1%) due to the limited stretchability of the paper. Another flexible
and printable paper-based strain sensor using patterned graphite film
[12] has an improved resolution of 0.038%, but its sensing range is lim-
ited to less than 1%. Similarly, a strain sensor using a graphite pencil
to draw on a Xerox paper forming a resistive stripe was fabricated with
high sensitivity but has highly limited range [13]. Strain sensors based
on highly stretchable piezoresistive graphene-nanocellulose nanopa-
per [14] were also developed. They can be stretched to 100% but
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cannot provide adequate resolution and sensitivity with a gauge factor
of only 2 at 5%. Besides, piezoresistive strain sensors typically suffer
from drifting [15], [16].

In this letter, we fabricate strain sensors based on a supercapacitive
sensing mechanism using functionalized paper. The new sensor pro-
vides ultrahigh sensitivity, and at the same time, large sensing range.
Supercapacitors have previously been mostly explored to be used as
energy storage devices [17] and have only recently been used as force
sensors [18], [19], [25]. They have never before been utilized for strain
sensing in the literature.

II. PAPER-BASED SOLID ELECTROLYTE
STRENGTHENED WITH SILICATE NANOPARTICLES

The new physical sensing principle used for the measurement of
strain is as follows: A solid-state paper-based electrolyte gets stretched
in response to strain and changes its contact area with metallic elec-
trodes, as shown in Fig. 1(a). Embodiments of the strain sensor are
shown in Fig. 1(b) and (d) and an explanation of the sensor is provided
immediately after the figure.

The proposed sensing mechanism requires a highly flexible and
stretchable electrolyte. lonic-gel electrolytes that incorporate ionic lig-
uid into a cross-linkable polymer matrix have been shown previously
to provide both mechanical stability and high electrical conductivity
[20]-[22]. However, a traditional ionic gel has very limited flexibility
and stretchability. Some researchers have shown that by incorporating
cellulosic materials into the ionic gel, the crystallinity of the poly-
mer is weakened, resulting in an improvement in the softness and
extensibility properties of the film [23]-[25]. Inspired by this idea of
incorporating cellulose into ionic gel to improve flexibility, this letter
uses paper (containing cellulose) as a substrate and coats ionic gel on
top of the paper substrate. This results in a transparent and flexible
thin film of electrolyte [see Fig. 2(b)]. Further, we strengthen the elec-
trolyte by embedding silicate nanoparticles into the paper-based ionic
gel matrix. Under stress, the presence of nanoparticles promotes the
debonding of the polymer from the nanoparticles, creating local voids
that dissipate energy and stop crack propagation.
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(a) Tensile (b) filter paper gradually dissolved in the ionic gel, as shown in Fig. 2(b).

strains

Pre-strained
soft electrolyte

Sl

Electrodes

() Pre-strained soft
L electrolyte *—_
3D printed holders

3D printed pins

Electrodes.

Fig. 1. (a) Mechanism of the paper-based strain sensor. (b) Proto-

type of the strain sensor. (c) Schematic of a smaller strain sensor.
(d) Photograph of the strain sensor.
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Fig. 2. (a) Photograph of ionic gel mixture with silicate nanoparticles.

(b) Photographs showing the dissolving of filter paper in the ionic gel
mixture. (c) Mechanical properties of the strengthened film.

The ionic gel was mixed with silicate nanoparticles before being
brushed on to the filter paper. The detailed fabrication process is
as follows: 0.2 g silicate nanoparticles (Laponite RDS, pellets size
~20-25 nm) were mixed in 6.5 g deionized (DI) water using vor-
tex and sonication (2 h). A clear solution was obtained. Then,
1 g ionic liquid (l-ethyl-3-methylimidazolium tricyanomethanide,
IOLITEC Inc.), 0.8 g PEG diacrylate (Mw = 575 g mol™")
monomers (Sigma—Aldrich), and 0.2 g photo initiator (2-hydroxy-
2-methylpropiophenone, Sigma—Aldrich) were added to the solution.
The mixture was put into a mixer for mixing and defoaming for 20
min and stirred overnight. A free-flowing gel with light white color
was obtained [see Fig. 2(a)]. The gel was brushed onto the filter paper
(Millipore, 0.45 pm HATF04700) and exposed under UV light for 1
min. As shown in Fig. 2(b), right after brushing the gel onto the filter
paper and UV exposure, it started turning transparent slowly as the

After 2 h at room temperature, the water evaporated, the filter paper
was fully dissolved in the ionic gel, and the electrolyte turned into a
clear film. A real photo of the nanoparticle-strengthened electrolyte
film is shown in the inset of Fig. 2(b) and can be seen to be a transparent
thin film.

The deformation response of the nanoparticle-strengthened elec-
trolyte film was tested on a dynamic mechanical analyzer (DMA) ma-
chine (RSA-G2, TA Instruments) by measuring stress and strain while
stretching the film until failure occurs. A comparison between the
stretchability of the original ionic gel electrolyte (without cellulose)
and of the modified paper-based electrolyte are shown in Fig. 2(c).
As seen from the results in Fig. 2(c), the paper-based electrolyte film
can achieve an ultimate tensile strength (maximum stress before fail-
ure) that is 50% larger, a toughness that is 3.55 times higher and
a maximum elongation strain that is 2.5 times larger in comparison
with the unmodified standard ionic gel electrolyte without cellulose
[25]. Further, after adding silicate nanoparticles, the stretchability and
toughness of the strengthened paper-based electrolyte are additionally
improved, as shown in Fig. 2(c). The strengthened electrolyte can be
stretched to more than 100% strain before failure occurs. Thus, the
strengthened electrolyte film is highly suitable for the strain sensor
proposed in this article.

[ll. STRAIN SENSORS BASED ON THE
STRENGTHENED ELECTROLYTE FILM

The nanoparticle-strengthened electrolyte film was used to fabricate
a supercapacitive strain sensor. Several electrolyte films were stacked
together to increase the thickness and create a thick electrolyte. Then
the electrolyte was prestrained and assembled between two cylindrical
electrodes, as shown in Fig. 1(a). A simple prototype to demonstrate
feasibility was first made as shown in the photograph in Fig. 1(b). The
sensor consists of a thick electrolyte slab made of multiple stacked
strengthened electrolyte films, compressed between two electrodes
made of stainless steel pins, which are fixed by two holders at both
ends of the pins. The gap between the two electrode pins is smaller
than the thickness of the electrolyte film. Due to the prestrain in the
electrolyte, a tensile strain will stretch the electrolyte and reduce the
contract area between the electrolyte and the electrodes, which gives
a measurable signal proportional to strain.

To prevent the electrolyte from bending while stretching in real-
world applications, two identical three-dimensional (3-D) printed
holders (Stratasys, Veroclear) were custom designed. First, the strain
sensor was scaled down using shorter pins and the 3-D printed holders
were used both to assemble the pins and electrolyte together and to
keep the electrolyte straight without bending near the region of contact
with electrodes, as shown in Fig. 1(c) and (d). Five layers of paper
were brushed with the gel mixture embedded with silicate nanoparti-
cles and then stacked together. When tensile loads are applied at both
ends of the electrolyte, the thinning of the film leads to a decrease in
the contact area between the electrodes and the electrolytes, conse-
quently a decrease in capacitance. The electrodes (dowel pin, steel,
1.5 x 10 mm) used here were 1.5 mm in diameter bought from a
local hardware store. The thickness of the stacked electrolyte is about
0.45 mm, while the gap between the two electrodes is about 0.3 mm.
The entire sensor was made using just paper and a few dollars of pur-
chases from a local hardware store. The convenience, easy fabrication,
and low cost of the sensor are its advantages. The same sensor could
be microfabricated in a clean room and could then be made very small.
But then it would no longer have the advantages of easy fabrication
without cleanrooms.
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Fig. 3. (a) Schematic and (b) photo of the calibration setup.
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Fig. 4. (a) and (b) Force response curves of the strain sensor.

V. LABORATORY TESTING AND
SENSOR PERFORMANCE

The sensor was first tested as shown in Fig. 3 using a custom labo-
ratory setup. A force gauge (Torbal, FC50, 50NX0.01N) was installed
on a translational stage, which can move along Z-axis. An upper clamp
was installed on the shaft of the force gauge, while a lower clamp was
installed on a translational and rotational stage. The strain sensor was
held in these two clamps as shown in Fig. 3(b). While gradually mov-
ing the force gauge up by turning the knob on the translational stage in
steps of 5 pm, the force readings from the force gauge were recorded
and at the same time the capacitance changes were recorded using a
multimeter (Rigol, DM3068). The distance changes were read from
the vernier (Newport SM-13) on the translational stage.

The results are shown in Fig. 4(a) and (b). As the applied forces in-
crease, the capacitance decreases due to the thinning of the electrolyte
film, which leads to smaller contact area between the electrode pins
and the electrolyte. Above a strain of ~25%, the capacitance saturates,
where the thickness of the film has decreased to become close to the
value of the gap between the two electrode pins. While the capacitance

(a)
Strain sensor
Cantilever

() 202
— *
'€ 200 +
*
8 108 .
[= .
IS .
T 196 .
g 1 T
5194 i w—
192
013 0862 i1 16 200 258 307 356 405 454 503
Load (N)

i !
0125 015 0175 02
Strain (%)

0 0025 0.05 0075 041 0225 025 0275

Fig. 5. (a) Cantilever with end load. (b) Strain sensor installed on a
ruler cantilever. (c) Strain sensor response on the gradually loaded ruler
cantilever.

to strain response is a nonlinear relationship, it is easy to fit a nonlinear
polynomial calibration curve to the capacitance readings so that the
output of the polynomial has a linear relationship with strain. It should
be noted that theoretically the range of the sensor can be further ex-
tended by decreasing the gap further between the two electrode pins
since the maximum strain the electrolyte film can handle is more than
100% as shown in Fig. 2(c).

To further investigate the sensitivity of the sensor and its capability
to measure very small strains, another laboratory setup was designed
by installing the strain sensor on an aluminum ruler used as a cantilever
[see Fig. 5(a) and (b)]. The sensor was clipped at both ends of the
electrolyte film using two 3-D printed clamps, which were glued to
the ruler using a UV curable glue (RapidFix, liquid plastic adhesive),
as shown in Fig. 5(b). Weights ranging from 0 to 513 g were added in
steps of 50 g at the free end of the cantilever. The capacitance from the
strain sensor was recorded. The strain of the surface where the sensor
is installed is estimated using

== 1
£=% (1)
where E is the Young’s modulus of the cantilever, and the stress o on
the ruler surface at the location where the sensor is installed can be
expressed as

__mglh
MY

where h is the thickness of the ruler (/). The moment in the ruler at
the fixed end is M = mgl, where m is the mass of the weight, [ is the
distance from the sensor to the point where load is applied, and [ is
the moment of inertia.

For the cantilever with a rectangular cross section of height # and
width b, the moment of inertia [ is

()]

bh?
I =—.
12

By combining all the above equations, the strain on the surface
where the sensor is installed is expressed as

3
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The sensor response to the strain obtained from (4) is shown in
Fig. 5(c). The change in capacitance with the load is also shown
in the same figure. As the load increases, the capacitance from the
supercapacitive strain sensor decreases. The sensor is very sensitive
and can differentiate a strain less than 0.025% (since a capacitance
change of 50 pF can be measured very accurately using commercial
inexpensive capacitance measurement chips). The sensitivity of the
sensor is between 14.3 and 55 nF per 1% strain.

V. CONCLUSION

A new method for fabricating flexible and stretchable solid-state
electrolytes based on the use of a paper substrate coated with a nanopar-
ticle embedded ionic gel is presented. Strain sensors using this highly
stretchable electrolyte, which provide both high sensitivity and high
sensing range, are developed. The strain sensor can measure strain as
large as 25% and has distinctive detectability of microstrain (0.025%).
The sensor is fabricated without the use of clean room facilities us-
ing paper, ionic gel, and metal pins as electrodes. The strain sensing
principle presented in this letter is a new and advantageous method of
measuring strain.
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