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Multifunctional gluten/guar gum copolymer with
self-adhesion, self-healing, and remolding properties as
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Abstract. In this research, a multifunctional strain sensor based on gluten/guar gum (GG) copolymer was developed. The
effects of gluten/GG blended ratios on the mechanical and electrical properties, self-adhesion, self-healing, remolding, self-
powered and long-term stability of the strain sensors were studied. Among tested substrates, the gluten/GG blend indicated
a strong adhesion to wood and paper substrates and showed a maximum adhesive strength at 1.5 wt% of GG in the copolymer
(gluten/GG-1.5%). The adhesive strength of gluten/GG-1.5% decreased in the acceptable range when it was applied in 10 re-
peated adhesion cycles. The gluten/GG-1.5% exhibited a high electrical conductivity of 0.12 S/m and stretchability of 465%.
The gluten/GG-based sensor containing glycerol showed long-term stability of self-healing, remolding, and self-powered
ability when stored for 7 days, whereas the self-adhesive ability decreased with increasing storage time. The self-adhesive
gluten/GG-1.5% was used to monitor human limb movements, which showed remarkable sensitivity during the storage time
of 3 days. Such properties suggested a potential use of smart strain sensors with multifunctional capabilities for applications
in wearable electronic devices.

Keywords: smart polymers, strain sensor, biopolymers, self-adhesion, self-healing

1. Introduction on the skin using non-stretchable adhesive tape or
Wearable and stretchable strain sensors have attract-  bandage [4]. Such sensors present limitations in ac-
ed much attention for monitoring human health sit-  tual applications because the incomplete contact be-
uations [1-3]. The operational mechanism of strain  tween the skin and the strain sensor may result in er-
sensors is based on the sensitivity of their resistance  rors in detecting the body movement. Hence, an
or capacitance to strain. Strain sensors with a high  improvement in the contact between the skin and
mechanical stretchability can be applied to monitor the strain sensors is often desirable. Consequently,
muscle or joint movements. Nowadays, most strain  researchers have focused on the development of self-
sensors are non-adhesive materials that are mounted  adhesive strain sensors [5—7], such as the synthesis
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of mussel-inspired hydrogel [8] and fabrication of
bi-layer strain sensor containing an adhesive layer
[9]. Han et al. [10] suggested a method for the sim-
ple and environmentally friendly preparation of ad-
hesive gluten-ionic skin sensors. The gluten-contain-
ing potassium chloride and glycerol could sense
human movements. The obtained sensor could to
several substrates, viz. hog skin, plastic, glass, paper,
and stainless steel with an adhesive strength of 16.8—
34.4 kPa.

Nowadays, not only the stability for movement sens-
ing but also the smart properties of strain sensors are
focused on [11, 12]. Such smart strain sensors are
designed to have self-healing ability and long-term
stability. Hydrogels containing borax and glycerol
with long-term stability have been reported as self-
healing strain sensors [13]. Glycerol is a cryoprotec-
tant agent that can resist the freezing and drying of
hydrogels suitable for long-term application [14].
When borax is incorporated into a hydrogel contain-
ing glycerol, the dynamic crosslinked network of
glycerol-water-borax can be formed, which creates
the self-healing ability [15].

Guar gum (GG) is a biopolymer that is generally de-
rived from wheat flour in a food-producing process,
in which the insoluble GG is separated from wheat
flour. The main components of GG, such as glutenin
and gliadin, are sticky and flexible [16]. These char-
acteristics allow GG to be used as an adhesive. Pan
et al. [17] studied the GG strain sensor containing
borax and glycerol using GG extracted from guar
seeds. The GG containing 4 wt% borax showed a
complete gel form. The mended GG had a storage
modulus comparable to the original sample.
Recently, the properties of strain sensors based on
biopolymers have been developed by creating dou-
ble networks that consist of more than one type of
biopolymer [18, 19]. It was found that the mechani-
cal properties and microstructures could be tuned by
controlling the biopolymer composition [20, 21]. Li
et al. [22] observed that double network hydrogels
based on polyvinyl alcohol/polyethylene glycol had
6 times higher mechanical strength than the single
network (polyvinyl alcohol). Rao et al. [23] fabri-
cated a double network strain sensor using GG/algi-
nate. The tensile strength of the strain sensors could
be tuned by adjusting the GG/alginate ratio, and the
highest tensile strength and self-healing efficiency
were found with a GG/alginate ratio of 3/5. Hence,
the fabrication of strain sensors with a double network
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would be an alternative approach to fine-tune the de-
sired properties.

Smart strain sensors with unique properties can have
versatile applications. However, most strain sensors
need an external power source to properly drive their
functions. Therefore, integrating a self-powered abil-
ity into strain sensors would add a valuable extra fea-
ture to the sensors, making them suitable for appli-
cation in wearable electronic devices [24, 26]. Inter-
estingly, strain sensors with ionic conductivity can
be used as an ideal solid electrolyte for soft batteries.
Some solid electrolytes such as gelatin crosslinked
with tannic acid [25], catechol-chitosan hydrogel
[27], and polyacrylic acid/nanochitin composite hy-
drogel [28] have been developed and applied as self-
powered strain sensors. Although a number of stud-
ies have focused on fabricating self-powered strain
sensors [29, 30], there is very little information on
self-powered strain sensors with integrated smart
functions such as self-adhesion, self-healing, and
long-term stability.

This study aimed to develop a new smart strain sen-
sor with integrated multifunctional properties viz.
self-adhesion, self-healing, remolding, and the self-
powered ability for long-term stability. The compo-
sition of the prepared smart strain sensor was based
on blends of gluten and GG. Borax was used to cre-
ate a dynamic crosslinked network, whereas glycerol
was applied as cyoprotectant to achieve high long-
term stability. The effects of the gluten/GG ratio on
the sensor properties (i.e., mechanical properties,
electrical conductivity, self-adhesion, self-healing,
remolding, and self-powered ability) were investi-
gated. Finally, the smart sensor was used to detect
human limb movements.

2. Experimental

2.1 Materials

Wheat gluten and GG were purchased from a local
supermarket in Khon Kaen, Thailand. Sodium tetra-
borate or borax (purity of 99.5%) and glycerol (pu-
rity 0of 99.5%) were obtained from Elago Enterprises
Pty. Ltd. Glyceryl monostearate (GMS) was from
Krungthepchemi Co., Ltd.

2.2. Preparation of gluten/GG smart strain
sensor

The preparation process of the gluten/GG smart strain

sensor is illustrated in Figure 1. The gluten solution

was prepared by adding gluten (10 g) into a solution
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consisting of glycerol (10 ml) and deionized water
(30 ml) followed by stirring for 5 min. The GG solu-
tion was prepared separately by dissolving GG and
GMS (12 mg) into a solution consisting of glycerol
(2ml) and deionized water (4 ml) at 95°C for
20 min. The gluten solution was mixed with the ob-
tained GG solution at 95°C for 5 min. Next, borax
solution (10 ml, 6.25 wt%/v) was added into the
mixed gluten/GG solution and stirred for another
15 min at 95 °C. The gluten-containing 0, 0.5, 1.5, 3
and 5 wt% of GG were defined as gluten/ GG-0%,
gluten/GG-0.5%, gluten/GG-1.5%, gluten/ GG-3%
and gluten/GG-5%, respectively.

2.3. Characterization of gluten/GG smart
strain sensor

The smart strain sensor samples were studied using
attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy (Jasco 4200) at wavenum-
bers ranging from 4000 to 550 cm™' with a resolution
of 4 cm™'.

To measure the adhesive strength, lap shear adhesion
testing was performed according to the method pre-
viously described by Wang et al. [5] with minor
modification. Here, 0.5 g of sample was placed onto
three different substrates viz. glass, paper, and wood
with a lap joint of 20 mm x 25 mm. A 500 g weight
was pressed on the lap joint area to make the sample
and substrate stick more tightly. The lap shear was
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tested using a Shimadzu SCG connected with a load
cell of 5 kN at a pulling rate of 10 mm/min. The av-
erage values from five samples were determined.
The stretchability of the strain sensor was achieved
from the maximum strain limit [31]. The maximum
strain of the sample was tested following the ASTM
D 882-10 method.

Three-dimensional (3D) images, roughness, and size
of the microgroove structure of the samples were an-
alyzed using a confocal laser scanning microscope
(CLSM, Olympus LEXT OLS5100).

The conductivity values of samples were calculated
by Equation (1). The electrical resistance of the sam-
ples was measured using a two probe KEITHLEY
model 2400. A voltage in the range of 0—12 V was
applied for measurement. A Fluke 289 True RMS
multimeter was used to detect simultaneous resist-
ance changes under stimulus during joint bending:

1L
O=p%7g @)

where ¢ was the conductivity value [S/cm], L was the
thickness [cm], S was the area [cm?] and R was the
resistance of the gluten/GG sample [€Q].

The freezing points of the samples were studied using
a Netzsch DSC 214 Polyma differential scanning
calorimeter (DSC). A sample of 3—-5 mg was cooled
from 20 to -20°C with a cooling rate of 5°C-min™!
under 40 ml-min~! N, flow as the purge gas.

Glycerol
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Figure 1. Schematic diagram of the preparation process of gluten/GG smart strain sensor.

609



A. Ounkaewa et al. — Express Polymer Letters Vol. 16, No.6 (2022) 607-623

The long-term stability of the samples was tested by
examining the ionic conductivity, water retention ca-
pacity, self-healing, remolding, self-adhesion, and
self-powered ability after storing the sample at 25°C
for 3, 5, and 7 days. The water retention capacity
was calculated using Equation (2):

Water retention capacity [%] =

W,
w100 )

0
where W; and W, are instantaneous and original
weights of the sample, respectively.

3. Results and discussion
3.1. ATR-FTIR spectra of gluten/GG smart
strain sensor

The ATR-FTIR spectra of gluten powder, GG powder,
GMS, glycerol, and borax are presented in Figure 2a.
The neat gluten showed strong amide peaks at 1637
and 1520 cm™ that corresponded to C=0 and N-H
vibrations, respectively. The region of 3100-—
3500 cm™! was assigned to N-H vibrations, which
are typical for proteins. The GG powder showed
broad absorption bands at 3319 and 1647 cm™! at-
tributed to O—H stretching and bending vibrations
[17, 32], respectively. The peak at 2920 cm™ was as-
signed to C—H stretching vibrations, whereas peaks
at 1405 and 1150 cm™! corresponded to C—H and
C—O-C stretching vibrations, respectively. Glycerol
had its main absorbance peak at 1034 cm™ attributed
to C-O stretching vibrations. The O—H peaks were
located at 3290 cm™! and 1413-1326 cm™!, while

C—H peaks were found at 2930 and 2880 cm™' [33].
For borax, the major characteristic peaks were found
at 3000-3500 cm™!, which could be assigned to O-H
vibrations, whereas the B—O stretching vibrations
were observed at 1300-1600 and 813 cm™! [34, 35].
The GMS showed characteristic peaks at 713 cm™!
for C—H bending vibrations, 1044 and 1170 cm™! for
C-O stretching vibrations, and 1725 cm™' for C=0
vibrations. The peak of O-H was observed at
3310 cm! [36]. The gluten/GG-1.5% hydrogel with-
out borax showed only the main characteristic peaks
of neat gluten and GG, as shown in Figure 2b. The
gluten/GG-1.5% with borax showed the asymmetric
stretching vibration of B-O linkages at 813 cm™.
The peaks shift of O—H stretching vibrations (from
3290 to 3280 cm™') and C=0 stretching vibrations
(from 1652 to 1642 cm™') were observed when com-
pared to gluten/GG without borax. This phenomenon
indicated an interaction between the polymer matrix
and borax through hydrogen bonding [17, 37-38].

3.2. Self-adhesion of gluten/GG strain sensor

Adhesion tests were performed to measure the ad-
hesion of gluten/GG to common substrates, viz.
wood, paper, and glass, which have been applied in
wearable electronic applications [39-43]. Figure 3a
shows a schematic illustration of the adhesion test.
As can be seen in Figure 3b, all gluten/GG samples
showed a similar trend in adhesive strength for three
substrates with the following order: wood > paper >
glass. Different substrates have different surface
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g
2 833
= =
S, S,
3 ] 1000 900 800 700 600 500
% % Wavenumber [cm~']
< 1394 E 3280
2 813 2
2 Borax Q 3290
3319 2920 16471405 ) 1652
GG
1637111520
3290
Gluten
| | | | | | | | l 1 1 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

a) Wavenumber [cm~]

b) Wavenumber [cm~"]

Figure 2. ATR-FTIR spectra of smart strain sensor (a) raw materials of smart strain sensor (b) gluten/GG-1.5% with and

without borax.
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energy and surface roughness that are responsible for
the cohesion and adhesion of an adhesive [44]. For
wood and paper, the greater adhesive strength is re-
lated to the polar groups and roughness on the sur-
face when compared to glass. This result was in good
agreement with the adhesion properties of pyrogal-
lol-borax hydrogel with the highest adhesive strength
for a wood substrate [45]. The high surface rough-
ness of a substrate implies a high contact area between
the substrate and hydrogel, resulting in good adhe-
sive strength [32]. Figure 4 depicts the profilometry
images, surface profiles and morphology of hydro-
gels with various gluten/GG ratios. Figures 4a and 4b
show the color from 3D profiles and surface rough-
ness profiles, respectively. The variation in color and
roughness profile was clearly visible for gluten/GG-
1.5% and gluten/GG-3% when compared to other
samples. However, the morphology of gluten/GG-
1.5% in Figure 4c showed a rougher surface than
gluten/GG-3%. A suitable ratio of gluten/GG of the
polymer blend provided the interaction between mol-
ecules such as hydrogen bonding, creating roughness
and decreasing aggregation of the molecules. A high
surface roughness of an adhesive could increase the
contact area with substrates and enhance the interfa-
cial adhesion [46, 47]. This observation corresponded
to the highest adhesive strength of gluten/GG-1.5%
for all three substrates (wood, paper and glass) as
shown in Figure 3b. However, an improper ratio of
the polymer blend might result in excess intermole-
cular interactions hence a smoother surface [48]. In

addition, the adhesion ability of the polymer blend
also depends on the balance between cohesion and ad-
hesion. Wang et al. [49] observed that the addition of
2 wt% chitosan in polyacrylic hydrogel can improve
the adhesive strength, while the adhesive strength
decreased at higher chitosan contents. The excess
chitosan hindered network formation that resulted in
an increase of cohesion and decrease of adhesion. As
shown in Figure 3b, the adhesive strength of gluten/
GG ranged from 0.23+0.02 to 9.17+0.97 kPa. The ob-
tained adhesion could be tailored by adjusting GG con-
tent. Furthermore, the adhesive strength values were
in the same range as previous reports viz. wheat gluten
strain sensor (0.013-0.07 kPa) [32], chitosan-polyox-
ometalate strain sensor (4.35+0.31-5.84+0.39 kPa)
[50] and poly(vinylalcohol)/poly(acrylamide-co-[2-
(methacryloyloxy) ethyl] dimethyl-(3-sulfo-propyl)
ammonium hydroxide) hydrogel sensors (8.8—
11.7 kPa) [30].

The gluten/GG-1.5% sample demonstrated the high-
est adhesive strength and was further tested for ad-
hesion to various substrates such as hog skin, plastic,
metal, pen, stainless steel, glass slide, wood, and
paper, as shown in Figure 5a. The gluten/GG-1.5%
had excellent adhesion to all substrates with different
characteristics viz. hydrophilic, hydrophobic, and
metallic. Glutenin, gliadin, and some amino acids in
gluten are compatible with different surface features
because of the van der Waals forces, hydrogen bond-
ing, n—x stacking, electrostatic and hydrophobic in-
teractions. The presence of hydroxyl groups of GG
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Figure 3. Adhesion of gluten/GG smart strain sensor: (a) schematic illustration of the lap shear test geometry and (b) adhesion

strength of gluten/GG-1.5% for three substrates.
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Figure 4. (a) profilometry images, (b) surface profiles, and (c) morphology of gluten/GG at various contents.

can participate in hydrogen bonding to create adhe-
sion to hydrophilic substrates [32]. Chen et al. [51] ob-
served that the blended GG with isolated soy protein
adhesive increased hydrogen bonding, which led to
an increase in adhesive bond strength. Furthermore,
Figure 5b demonstrates that gluten/GG-1.5% could
adhere to a hand, and no residue was observed when
it was peeled off. Usually, the residue on the skin
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after use presents a concern because the self-adhe-
sive sensor might stick to the skin and is hard to re-
move [5]. Furthermore, no obvious redness, skin
injuries, and allergic reaction were found during the
application of gluten/GG-1.5% on the skin and after
peel-off. This observation implied that gluten/GG-
1.5% could be a good biocompatible strain sensor
[52, 53]. However, the test of biocompatibility with
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Figure 5. Adhesion of gluten/GG-1.5% smart strain sensor:
(a) photographs of the gluten/GG-1.5% adhering
to various types of substrates and (b) peeling test
on human skin of gluten/GG-1.5%.

human cells and animals should be further studied
to confirm the biocompatibility for a wide range of
applications [54, 55].

The repeatability of the adhesion process through
multiple adhesion-removal cycles was investigated,
as illustrated in Figure 6a. The adhesive strength of
gluten/GG-1.5% on three substrates decreased when
the number of cycles increased. After 10 cycles, the
adhesive strength of the gluten/GG-1.5% to wood,
paper, and glass was 5.56, 4.31, and 1.22 kPa, re-
spectively. The decrease in adhesive strength might
be due to failure or contamination of the sample after
repeated bonding [30]. The bonding efficiency of the
gluten/GG-1.5% after 10 cycles was 58.56% for
wood, 50.52% for paper, and 81.90% for glass, as
shown in Figure 6b. Among three substrates, the ad-
hesive strength on paper remarkably decreased. This
was presumably because the entrapped polymer in
the paper surface wrinkles during each cycle of the
lap shear test resulted in a reduction of the contact
area between adhesive and paper substrate [55]. The
paper surface had the most wrinkles, as shown in
Figure 7. The decrease in the bonding efficiency of
gluten/GG-1.5% after 10 test cycles was in an ac-
ceptable range. In comparison, the bonding efficiency
of an acrylated dopamine/gelatin hydrogel decreased
to 60% after 5 cycles [30]. The long-term stability
of the self-adhesive property was also observed, as
shown in Figure 6¢c. The adhesive strength of
gluten/GG-1.5% for three substrates decreased when
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the storage time increased. Sartori et al. [32] ob-
served that during storage, the gluten adhesive con-
taining glycerol could change its conformational
structure, and the glycerol molecules slowly migrat-
ed from inside the matrix to the surface, resulting in
a decrease in adhesive strength.

3.3. Conductivity of gluten/GG-1.5wt% strain
sensor

The conductivity and stretchability of strain sensors
are important properties for movement detection [56].
The gluten/GG-1.5% had conductivity of 0.12 S/m
and stretchability of 465%, as shown in Table 1. The
crosslinking of borax in the network of gluten, GG
and glycerol created borate ions that acted as poly-
electrolyte [17, 56]. The gauge factor (GF) of gluten/
GG-1.5% was also determined to represent the re-
sponsiveness of the sensor to external stimuli. The GF
can be calculated from the plot of resistance change
ratio variation (AR/Ry) versus strain. The resistance
response as function of strain is shown in Figure 8.
Under tensile deformation, free boronate ions were
allowed to disperse and rearrange in the polymer net-
work which led to a decrease in the ion concentration
per unit volume and change in resistance [57]. The
GF values of gluten/GG-1.5% at various strain ranges
of 0-100, 100-280, 280-400 and 400-465 were 0.57,
0.15,0.26, and 0.14, respectively. The obtained strain
sensor based on gluten/GG-1.5% had GF, conduc-
tivity and stretchability comparable to those in the
previous reports, as summarized in Table 1.

3.4. Long-term stability of gluten/GG-1.5%
for smart functions and applications

Long-term stability is an important characteristic for
actual application [56]. The water retention ability
is a critical parameter that indicates the long-term
stability of hydrogel-based sensors. Figure 9a shows
that the water retention ability of gluten/GG-1.5% at
25°C and 62% RH was 99.42-99.93% over 7 days
of storage. The water retention capacity only slightly
decreased with increasing storage time. The presence
of glycerol in the sample can capture the water mol-
ecules via the interaction of hydroxyl groups which
can lower the freezing point of water and decrease
water evaporation [62]. This observation was con-
firmed by the DSC thermogram shown in Figure 9b.
The exothermic peak due to water crystallization
was clearly observed for gluten/GG-1.5% without
glycerol, while a small exothermic peak was observed
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Table 1. Comparison of strain sensors properties.

Strain sensor Con[(g/llclfliwty [G_I]: Stretﬁ;}albility Reference
Electrospun polyurethane microfiber 10.00 0.30-1.40 50 [58]
Single wall carbon nanotube hydrogel - 0.24-1.51 100-1000 [59]
Dopamine—talc polyacrylamide hydrogel - 0.13-0.63 100-1000 [60]
Poly(vinyl alcohol) /poly(vinylpyrrolidone) hydrogel - 0.48 0-200 [61]
Gluten/GG-1.5% 0.12 0.14-0.57 0-465 Present study

100 |
80 |
£ 60
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®
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40
2 |
0 L 1 1 | 1 1
0 100 200 300 200 500

Strain [%]

Figure 8. Relative change in resistance during stretching of
gluten/GG-1.5%.

for gluten/GG-1.5%. This indicated a binding inter-
action between hydroxyl groups of glycerol and
water molecules which rendered the growth of ice
crystals [63].

Figure 10 and Figure 11 demonstrate the smart func-
tions such as self-healing and remolding over the
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storage time of gluten/GG-1.5%, respectively. The
self-healing and remolding behaviors of gluten/GG-
1.5% resulted from dynamic and reversible multi-
complexation among the hydroxyl groups of gluten,
GG, water, glycerol, and borax. The soluble borax in
water can promote borate ions and boric acid to cre-
ate the crosslink with hydroxyl groups of gluten and
GG. A similar reaction also occurs for glycerol and
water. The hydroxyl groups of glycerol chelate with
borax and combine with water to form a network of
borax-glycerol-water [17, 56]. Figure 10 shows the
self-healing process of gluten/GG-1.5%. The sample
was cut into two pieces, and one piece of the sample
was dyed red. The two pieces were kept in contact
at room temperature, and after 3 h, the self-healing
ability was tested by lifting a weight of 10 g. The
gluten/GG-1.5% stored for 0—7 days could withstand
the weight without any damage. This observation in-
dicated a good self-healing efficiency and long-term
stability. The main focus of this study was on the
self-healing ability as a function of storage time, and
in order to consolidate the self-healing time and re-
versible ability of ionic coordination in the hydrogel
network [55], the rheological properties should be

ol
x
[0}
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Figure 9. (a) water retention capacity of gluten/GG-1.5% and (b) DSC thermogram of gluten/GG-1.5%.
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Figure 10. Self-healing properties of gluten/GG-1.5% over storage time.

further investigated. The remolding capability of  The reshaped sample could also be connected with
gluten/GG-1.5% is shown in Figure 11. The gluten/ an electrical circuit to illuminate a LED indicator.
GG-1.5% could be remolded into various shapes.  After storage of gluten/GG-1.5% for 0, 3, 5, and

0 day

Remolding
3 days

Remolding
5 days

Remolding
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Figure 11. Remolding properties of gluten/GG-1.5% over storage time and circuit containing remolded gluten/GG-1.5%
connected in a series with the LED.
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7 days, the sample could be perfectly remolded. The
connected LED circuit with gluten/GG-1.5% showed
a constant brightness.

Application of gluten/GG-1.5% as a strain sensor
and a self-powered device to detect human limb
movements was studied. The gluten/GG-1.5% could
detect the movement of a finger, a wrist, and a knee,
as depicted in Figure 12. At the relaxation state, the
sensor generated the minimum current. This current
signal increased and reached the highest value when
the sensor was bent [64]. The long-term stability of
the strain sensor can be evaluated by the repro-
ducibility and the stability of the signals of repeated
movements over a period of storage [65]. After stor-
age of gluten/GG-1.5% for 3 days, it was found that
the gluten/GG-1.5% could detect the movement of
a wrist, giving signals which were consistent and

reproducible, as shown in Figure 13. After 5 days of
storage, unstable signals from movements were ob-
served. The gluten/GG-1.5% did not perfectly ad-
here to the wrist after 5 days due to glycerol migra-
tion. This observation corresponded to the decrease
in adhesive strength, as depicted in Figure 6c¢. A de-
crease in the contact area between the strain sensor
and epidermal surface resulted in a low response for
relative resistance [66]. Furthermore, dehydration of
the hydrogel during storage was another factor that
affected the loss of electrical conductivity, flexibility,
and sensing ability [67].

Figure 14 shows the self-powered ability of gluten/
GG-1.5%. The gluten/GG-1.5% was placed between
a zinc sheet and a copper sheet and then connected with
wires to form a circuit, as shown in Figure 15. The pres-
ence of gluten/GG-1.5% as an electrolyte allowed
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Figure 12. Demonstration of gluten/GG-1.5% smart strain sensor of monitoring physical motions.
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Figure 13. The gluten/GG-1.5% smart strain sensor of wrist monitoring motions under storage time.

redox reactions between the two metal electrodes
(zinc and copper sheets) to occur. The self-powered
gluten/GG-1.5% showed a stable response to com-
pression. A current increased during compression
and reduced when the sample recovered to its origi-
nal state. This is because the ionic conductivity of the
electrolyte is determined by ion mobility, which can
also be altered by the distance between the two elec-
trodes and the contact between the electrode and
electrolyte interface. During compression, the dis-
tance between the two metal sheets is lowered, and
possibly improved adhesion between the electrodes
and electrolyte is achieved, thereby increasing the
ionic conductivity and lowering the resistance. The
resistance increases again as the sample recovered
to its original state because of the larger distance

between the electrodes and lower adhesion between
the electrodes and electrolyte. The self-powered
gluten/GG-1.5% showed good sensitivity and stabil-
ity over 7 days of the experiment, with currents in
the range of 0.05—14.4 pA. The obtained currents
after 7 days storage were comparable to those of
self-powered hydrogels in the previous reports such
as polyethylene terephthalate/zinc oxide nanowires
(2.5 pA) [64], ionic organohydrogel (7.5—16 pA)
[24], and polydimethylsiloxane/tin sulfide (30—
60 nA) [68].

4. Conclusions
In conclusion, a multifunctional smart strain sensor

based on gluten/GG copolymer was successfully de-
veloped. The gluten/GG strain sensor with combined
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multifunctional capabilities such as self-healing,
remolding, and self-powering ability provided long-
term stability over 7 days. The gluten/GG-1.5%
proved to be the most suitable blend showing the
greatest adhesive strength on various substrates.
Moreover, the gluten/GG-1.5% also demonstrated
reproducibility up to 10 cycles with an acceptable
loss of adhesive strength. The gluten/GG-1.5%
stored for 3 days could detect wrist movement with
good reproducibility and stability. All these features
make the multifunctional strain sensor based on
gluten/GG-1.5% a highly desirable material for
smart engineering devices.
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