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Sustainable Soft Electronics Combining Recyclable Metal
Nanowire Circuits and Biodegradable Gel Film Substrates

Yuxuan Liu, Mesbah Ahmad, Richard A. Venditti, Orlin D. Veley,*

Direct disposal of used soft electronics into the environment can cause severe
pollution to the ecosystem due to the inability of most inorganic materials and

synthetic polymers to biodegrade. Additionally, the loss of the noble metals
that are commonly used in soft electronics leads to a waste of scarce
resources. Thus, there is an urgent need to develop “green” and sustainable
soft electronics based on eco-friendly manufacturing that may be recycled or
biodegraded after the devices’ end of life. Here an approach to fabricating
sustainable soft electronics is demonstrated where the expensive functional
materials can be recycled and the soft substrate can be biodegradable. A
stretchable agarose/glycerol gel film is used as the substrate, and silver
nanowires (AgNWs) are printed on the film to fabricate the soft electronic
circuits. The mechanical and chemical properties of the agarose/glycerol gel
films are characterized, and the functionality of the printed AgNW electrodes
for electrophysiological sensors is demonstrated. The demonstration of the

and Yong Zhu*

the e-waste from electronic devices re-
leases microplastics, dispersed particu-
late polymer debris that has accumu-
lated in large amounts in the oceans and
freshwater systems, creating vast envi-
ronmental problems.[** Similarly, the
inorganic particles used in the compos-
ite materials of the circuit boards can be
released in the form of finely dispersed
nano and microparticles, which pose an
environmental concern due to their abil-
ity to be ingested and accumulate in an-
imals and humans.!"*! The problem is
further exacerbated by the presence of
toxic and hazardous components in some
electronic devices.'®'7] On the other
hand, the present ways of manufacturing

biodegradability of the agarose/glycerol and the recyclability of AgNWs points
toward ways to develop sustainable and eco-friendly soft electronics.

1. Introduction

Electronic waste (e-waste) poses a pressing threat to the health
and environment, in large part because of the contamination
of aquatic reservoirs with microplastics and inorganic particles
released from e-waste.!) Currently, the process of degrading
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electronic devices accelerate the exhaus-
tion of already scarce natural elements
including noble metals.[%181°] There is
an urgent need for eco-friendly man-
ufacturing of sustainable -electronics,
based on the recycling of precious functional materials and
biodegradation or recycling of other materials.

The field of soft electronics has emerged in recent years in
parallel to conventional Si-based “rigid” electronics. Soft elec-
tronic systems that are flexible, stretchable, and imperceivable to
users have enabled a wide range of applications from wearable
health monitoring to next-generation robots.?*??l As an exam-
ple, soft wearable sensors for monitoring vital physiological sig-
nals, including pulse rate, respiration rate, skin temperature, and
blood pressure, make possible personalized medicine wherein
an individual’s health status can be continuously monitored and
evaluated.3%31) Soft wearable sensors can interface conformally
with the human skin and flex in response to human movement.
It is timely to develop sustainable materials for soft electronics
for such emerging applications.

Transient electronics, which are physically disintegrated
and/or dissolved at the end of their life, can form the basis of
many applications ranging from wearable and implantable med-
ical devices to field deployable environmental sensors.[10:143233]
While of large interest, not all materials used presently in such
devices are biodegradable, which can still lead to environmen-
tal concerns. In addition, the classes of electronic components
used to date do not enable true recycling of the functional ma-
terials. In the recent few years, a more elaborate concept of re-
cyclable soft electronics has emerged. For example, Zou et al.
reported recyclable conductive nanocomposites with nanoparti-
cles doped in a polymer matrix.'!] Williams et al. reported print-
able and recyclable carbon electronics.[?! Shi et al. reported a
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multifunctional wearable electronic system that can recycle both
the polyimine substrate and the liquid metal which is an alloy of
Gallium and Indium.?¥ Liu et al. reported the recycling of metal
nanowire networks for soft electronic devices.**] Jaiswal et al. re-
ported cellulose nanocomposite as the substrate and were able
to recover electronic components from the printed samples.3%!
Qi et al. developed flexible perovskite solar cells using PGS sub-
strates. They were able to biodegrade these substrates while the
silver nanowires (AgNWs) could be recycled.*”] However, sus-
tainable soft electronics that simultaneously recycle functional
materials and utilize biodegradable substrates have hardly been
reported.

Over the past few years, there has been a significant inter-
est surrounding biomaterials, owing to their biodegradability, re-
newability, biocompatibility, and promising applications in the
field of electronics.[*®] Herein, we report a strategy to fabricate
and test prototypes of sustainable soft electronics by using a re-
newable and biodegradable substrate material (agarose/glycerol
gel film) onto which we print recyclable functional materials
(silver nanowires). Agarose is a naturally derived biodegradable
polymer.[*] Glycerol is a byproduct of biofuel synthesis with high
thermal stability, which is widely used as an effective plasticizer
for biopolymers.[*?] The biopolymer gel film decorated with the
printed AgNW electric circuits is intrinsically stretchable. The
biodegradability of the agarose and recyclability of AgNWs lead
to eco-friendly manufacturing of sustainable soft electronics. In
order to match the mechanical characteristics of human skin, the
stiffness of the agarose/glycerol gel film is tailored by adjusting
the glycerol plasticizer/agarose ratio. The mechanical and chem-
ical properties of the agarose/glycerol films are characterized to
understand the role of the material’s structure and composition.
Other key factors related to the requirements for soft wearable
applications such as optical transmittance, water vapor transmis-
sion rate, swelling behavior, and thermal properties are evalu-
ated. Then, the AgNWs are printed on the agarose substrate to
fabricate soft electrodes. The electromechanical properties of the
printed electrodes, including stretchability, durability, and stabil-
ity in different media, are investigated. The electrodes are used
to record electromyography (EMG) signals of the brachioradialis
muscle, which are used to control a motor toy as a demonstration
of the human-machine interface. The sustainability of the printed
soft electronics is achieved by biodegrading the agarose/glycerol
substrate and recycling the AgNWs.

2. Results and Discussion

2.1. Fabrication of the Biodegradable Gel Film Substrate

A schematic overview of our approach to sustainable soft elec-
tronics is illustrated in Figure 1a. First, we form soft gel films
from plasticized agarose, which are then used as substrates for
the printed recyclable circuits. The agarose gel films are fabri-
cated by a facile and eco-friendly process. Agarose and glycerol
at a certain ratio are mixed with hot water to form a clear viscous
solution. The solution cools down to room temperature in a mold
during which it gels. Further, the excess water evaporates slowly
to form a thin gel film, as shown in Figure 1b. More details on
the fabrication process of the gel films are provided in the Exper-
imental Section.
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Agarose solutions in water exhibit sol—gel transition behavior.
When agarose is exposed to water heated above 85 °C, it dissolves
in a molecular state of random chains or coils. When the temper-
ature reaches ~35 °C upon cooling, gelation occurs, and agarose
chains form intramolecular and intermolecular hydrogen bonds
resulting in a 3D network of helical fiber bundles.[*'~*}] Glycerol
molecules have three hydroxyl groups that form hydrogen bonds
with the agarose chains and helices. The molecular structure of
the formed gel film is schematically shown in Figure 1lc. The
agarose/glycerol gel film fabricated by this process is soft and
stretchable. It can be stretched to over 60% strain, as shown in
Figure 1d. The film is optically transparent, as illustrated against
a clearly visible background (Figure le). Qualitatively, the film
shows outstanding conformability and adhesivity to human skin,
thus representing a promising candidate substrate for wearable
devices (Figure 1f). The physical origins of the strong adhesivity
of the glycerol-plasticized agarose to skin could be of importance
in the development of wearable devices, but are outside the scope
of this report.

2.2. Structure and Properties of the Gel Film Substrate

The type and concentration of the plasticizer in the gel matrix play
a critical role in controlling its mechanical and surface proper-
ties. As illustrated in Figure 2a,b, the agarose chains are stabilized
by intramolecular and intermolecular hydrogen bonds between
the macromolecules. When glycerol is introduced as a plasticizer,
the glycerol molecules form intermolecular hydrogen bonds with
the agarose chains adding free volume and thus increasing the
molecular mobility of the polymers. The optical transmittance of
the agarose gel films with different glycerol ratios is shown in
Figure 2c. The films have outstanding optical transparency; for
example, the transmittance values at the wavelength of 550 nm
are 92.3% and 90.5% for agarose/glycerol weight ratios of 1:3 and
1:5, respectively.

To probe the molecular interaction mechanisms in the agarose
films with different glycerol ratios, the Fourier-transform in-
frared spectroscopy (FTIR) spectra of the glycerol solvent, the
pure agarose powder, and the gel film with agarose/glycerol
weight ratio of 1:1, 1: 5, and 1:7 were collected. As shown in
Figure 2d, the signals in the range of 10004000 cm™ indi-
cate the typical bonds of alcohol and ether; the peaks in the
650-1000 cm™! range are typical of anomeric carbon and pyra-
nose rings in agarose.**! The asymmetrical and symmetrical
C—H stretching vibrations in glycerol and agarose appear at
2938 and 2886 cm™!, respectively.*’] It can be seen that the
spectra from pure glycerol and agarose are too close to be pre-
cisely differentiated. However, with increasing glycerol content
in the matrix, two featured peaks (~3300 and ~1050 cm™!)
show prominent changes. In the spectra of pure agarose and
agarose with glycerol plasticizer, the peaks at ~#1040 cm™! can
be assigned to the C—O stretching vibrations in agarose.[*¢]
The peak located at 1025 cm™! is for pure glycerol. The in-
tensity increases significantly when the glycerol/agarose ratio
increases, and the location of the peak shifts from 1039.9 cm™!
(pure agarose) to 1044.8 cm™! (agarose/glycerol: 1:5). These
features indicate the formation of a larger number of inter-
molecular hydrogen bonds when the glycerol mass fraction
increases.
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Figure 1. a) Schematic diagram of the sustainable soft electronic circuits investigated here. b) Fabrication process of agarose/glycerol gel film. c)
Schematic diagram of the polymer matrix of the fabricated gel. d) Initial and stretched states ofthe agarose/glycerol gel film. e) Transparency demon-
stration of the film. f) A 15 cm X 15 cm square-shaped gel film conformably attached to human skin.

Further information elucidating the molecular structure of the
gel film can be found in the shift of the peaks in the range
of 3000-3600 cm™! representing the C—OH hydroxy groups.
Pure glycerol has a single peak at 3350 cm™'. The agarose has
broad dimeric bands at 3527.7 and 3225.9 cm™!, which, when
plasticized with glycerol at the ratio of 1:1, shift to 3515.2 and
3167.6 cm™!, respectively, indicating the formation of intramolec-
ular (3515.2 cm™) and intermolecular (3167.6 cm™') hydro-
gen bonds.[**8] With a further increase in the glycerol fraction
(agarose/glycerol weight ratio to 1:5 and 1:7), these two peaks be-
come narrower at 3378.2 and 3390.8 cm™!, respectively. The blue
shift observed with an increase in the glycerol content, indicates
formation of numerous intramolecular and intermolecular hy-
drogen bonds.[*!

Tensile tests were carried out to evaluate the mechanical prop-
erties of the agarose/glycerol gel films with different ratios, as
shown in Figure 2e. It can be seen that the incorporation of glyc-
erol reduces the tensile stress, imparting softness to the film. By
increasing the agarose/glycerol ratio from 1:0.5 to 1:5, the ten-
sile stress reduced from 34.2 MPa to 978 kPa, which is within
the same order of magnitude as that of human skin. At the same
time, the stretchability of the gel film increased from 24.8% to
68.1%. The mechanical behavior transformed from the typical
plastic type to the gel type with the increase of the plasticizer.
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When the agarose/glycerol ratio increased to 1:6 and 1:7, the me-
chanical performance deteriorated, showing lower stretchability
and stress. When this ratio increased further, the samples be-
came too soft to be clamped for the tensile test.

The enhancement of the mechanical stretchability of the
agarose/glycerol gel films can be attributed to the extensive hy-
drogen bonds formed between the hydroxyl groups (—OH) of
glycerol and agarose chains. These hydrogen bonds could effi-
ciently dissipate energy and prevent crack propagation during
stretching and as a result, enhance stretchability.*! Hydrogen
bonds between polymer-polymer are interrupted by hydrogen
bonds between glycerol and polymer, thus providing more mo-
bility of the polymer chains, since large polymer sections do not
need to move in a coordinated fashion. However, high glycerol
content in the gel film could lead to gel brittleness due to the loss
of agarose intermolecular connections. Therefore, we found that
the agarose/glycerol ratio optimizing high stretchability is ~1:5.

Young’s modulus is a very useful characteristics for soft elec-
tronics applications. Figure 3a shows the change in Young’s
moduli of the agarose gel films with different glycerol content.
Young’s modulus significantly reduces with increase in the glyc-
erol concentration in the gel matrix. In this respect, it is useful
to compare the mechanical properties&nbsp;of our films to the
common silicone devices and to human skin in terms of Young’s
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Figure 2. a) Schematic illustration of the matrix of the agarose gel film with and without glycerol. b) Hypothesized chemical structure of the film with
intramolecular and intermolecular hydrogen bonds. c) UV-vis spectra of the gel films with different agarose/glycerol ratios ranging from 1:0.5 to 1:7
indicating high transmittance in the visible light spectrum. d) FTIR spectra of the gel films with different agarose/glycerol ratios (1:1, 1:5, and 1:7), pure
agarose powder, and pure glycerol indicating an increased number of H-bonds at larger glycerol fractions. e) Tensile test of the gel films with different
agarose/glycerol ratios showing increased softness and stretchability at larger glycerol fractions. The inset shows a magnified view of the low-stress

range.

modulus (Figure S1, Supporting Information). The agarose film
1:5 exhibits a Young’s modulus of 1.86 MPa, while Young’s mod-
ulus of pure polydimethylsiloxane (PDMS) falls within the range
of 1.32 to 2.97 MPa.l’*>!l The submandibular neck and forearm
skin tissues were reported to have Young’s modulus of 1.28 and
1.03 MPa, respectively, in the same order of magnitude as the
agarose substrate.>?] In comparison to agarose 1:5 film, Young’s
modulus of the agarose 1:7 film further reduces to 1.82 MPa.
However, the tradeoff is that the stretchability, another important
mechanical property, of the film deteriorates.

Strain recovery is another important parameter for soft elec-
tronics. The residual strain of an agarose film was measured af-
ter stretching the film to the designated strain, releasing the film,
and resting for 10 min. As shown in Figure 3b, when the glyc-
erol ratio was in the range of 1:0.5 to 1:5, the residual strain de-
creased with the increasing glycerol content. At a higher ratio of
up to 1:7, the residual strain increased further, indicating the de-
terioration of the reversibility. The results further confirmed that
the 1:5 agarose/glycerol ratio offers the most favorable mechani-
cal behavior. Hence, this ratio was used in the rest of this study.
The residual strain can have an impact on the performance of the
electronic patches. However, the agarose/glycerol 1:5 film shows
negligible residual strain at applied strains up to 10%. The AgNW
circuits can maintain stable function under such a low strain.
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Indeed, for most skin wearable applications (except joints), the
strain that the skin undergoes is small. For applications requiring
larger strain ranges, stretchable structures such as wrinkles and
kirigami can be employed.>3>* The strain recovery phenomenon
is a result of a complex interaction between entropy and elasto-
plastic deformation, which can be optimized in the future.

Water vapor permeability is another key parameter used to
evaluate the applicability of agarose/glycerol gel films in wear-
able electronic devices on human skin, which require “breatha-
bility”. The water vapor transmission rate (WVTR) was measured
with gel films with different agarose/glycerol ratios. A PDMS
film with the same thickness was measured as a baseline stan-
dard. Figure 3c shows the water vapor transmission rate results
conducted for 40 h. The water vapor transmission values for the
films with change in time are shown in Figure S2 (supporting
information). It can be seen that the transmission rate (shown
in the left Y axis in Figure 3c) increases with the increasing con-
centration of glycerol in the matrix. Even the lowest WVTR cor-
responding to the 1:0.5 ratio shows a higher value than that of
PDMS, indicating that the agarose/glycerol gel films possess su-
perior water vapor permeability. WVTR of the agarose/glycerol
gel film with the ratio of 1:5, which has the best mechanical prop-
erties, was 31.92 mg cm~2 h~!. This is comparable to our previ-
ously reported porous elastomer material.l>”]
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Figure 3. a) Young’'s modulus of the gel films with different agarose/glycerol ratios. b) Residual strain test results of the films with different
agarose/glycerol ratios. c) Water vapor transmission rate results and the weight change of the gel films with different agarose/glycerol ratios indi-
cating a higher water vapor transmission rate with an increase in glycerol content. d) Weight increase of the gel films with different agarose/glycerol
ratios after immersing in water for 24 h. e) Dry weight loss of the gels with different agarose/glycerol ratios after leaching experiments in water showing
higher weight loss for larger glycerol fractions. f) TGA and DTG results of the gel films with agarose/glycerol ratio of 1:5.

WVTR relies on both the migration rate and the evaporation
rate of water. In the transmission process, the water vapor is ini-
tially absorbed on one side of the film and then migrates to the
other surface of the film to evaporate. Considering the high sol-
ubility of water in glycerol, we expect that the migration rate of
water increases with the glycerol content in the polymer matrix.
The high affinity between water and glycerol present in the matrix
facilitates the migration of water molecules. The evaporation rate
depends on the concentration of water molecules on the surface
of the film and the ambient environment. When the glycerol con-
tent is relatively low, migration becomes the rate-limiting step in
the water vapor transmission process, due to the lower migration
rate of the water molecules in the gel film. At a higher glycerol
concentration, surface evaporation can become the rate-limiting
step, which explains why the WVTR of the film with a ratio of 1:7
did not increase significantly compared to that of the film with a
ratio of 1:5.

The weight change of the gel films after 40 h of water va-
por exposure was measured and plotted on the right Y axis in
Figure 3c. As the glycerol content increases, the relative film
weight change increases. The smaller weight change (or less ab-
sorbed water) is likely a result of the increased migration rate
of water. This further corroborates that the migration rate in-
creases with the glycerol content in the gel. It is worth noting
that the WVTR testing configuration represents a good model
for the practical applications of wearable epidermal electronics,
where one side of the substrate faces the skin with sweat absorp-
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tion, and the other side faces the air enabling evaporation of the
water.

To further investigate the water absorption behavior of the
agarose/glycerol gel films, samples were immersed in DI water
for 24 h. The films were then taken out of the water, blotted,
and their corresponding change in weight was measured and
shown in Figure 3d. The gel film with a lower glycerol content
shows higher relative water absorption, as indicated by the larger
weight increase. The sample with a 1:0.5 ratio shows a weight
increase of 619%, while the sample with a 1:7 ratio only shows
a 51% increase in weight after 24 h of water intake. This result
is consistent with the WVTR measurement where the weight in-
crease was higher for the gel films with lower glycerol content.
When the matrix contains a high fraction of glycerol, the migra-
tion flux of these glycerol molecules from the film surface to the
surrounding water increases (i.e., more glycerol leaches into the
water). The water absorption also introduces volume change to
the agarose/glycerol gel films, as shown in Figure S3 (support-
ing information). The volume change decreases with the increase
of the glycerol ratio. Somewhat counterintuitively, this indicates
that gel films with higher glycerol ratios are more stable in terms
of maintaining their initial dimensions when exposed to water,
relevant in situations when epidermal electronics come into con-
tact with sweat on the skin.

The dry weight loss of the agarose/glycerol gel films after soak-
ing in water and drying in the oven at 60 °C for 24 h is shown
in Figure 3e. It can be seen that the weight loss is larger for
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the film with a higher glycerol content. For the film with an
agarose/glycerol ratio of 1:0.5, there is a 16.3% weight loss likely
due to the leaching of glycerol into the surrounding water. With
the agarose/glycerol ratio of 1:7, the dry weight loss of the gel film
increases to 86.8%.

TGA and derivative thermogravimetry (DTG) were further
used to characterize the ratio of water, glycerol, and agarose in
the gel film with the agarose/glycerol ratio of 1:5. As shown in
Figure 3f, the initial degradation occurs around 70-140 °C with
~14.5% weight loss, which can be attributed to the loss of water
due to evaporation. The second decomposition stage is observed
~140-290 °C with ~73% weight loss, which likely corresponds to
the evaporation and decomposition of glycerol. The final degra-
dation stage of the gel occurs around 290-350 °C, due to the
denaturization and decomposition of the agarose matrix. After
complete degradation, the ash content of the gel film is recorded
as 4%.

2.3. Printing of AgNW Circuits on Agarose/Glycerol Gel Film
Substrate

The conductive AgNW patterns were printed on the
agarose/glycerol gel film substrate using screen printing
following our previous process, as schematically shown in
Figure 4a.5%! The ink composition consisted of AgNWs dis-
persed in a medium formulated by 4% poly(ethylene oxide)
(PEO) dissolved in a mixed solvent with a 50:50 ratio of ethanol
and deionized water. The resulting conductive patterns were
100 pm-300 pm wide and ~4 pum thick. The resistance of a
printed line with 150 ym width, 2 cm length, and 4.5 pm thick-
ness was 8.6 ohm, and the conductivity was measured to be
3.45 x 10° S m~!. The gel film with printed electrodes showed
excellent mechanical stretchability and could be mounted on the
skin for testing of epidermal electronics applications (Figure 4b).
After peeling off the mounted electrode from the skin, there is
no visible damage of both the electrode/gel film substrate and
the skin. The resistance of the electrode after repeated peeling off
up to 100 times is shown in Figure S4 (Supporting Information).

To evaluate the printability of the AgNW-based inks on the
gel film, the static contact angles of water, AgNWSs/ethanol solu-
tion, and AgNWs/PEO ink on the film were measured and com-
pared to those on the PDMS substrate. As shown in Figure 4c,
PDMS has higher contact angles with all the probing liquids due
to its low surface energy. The gel film shows overall lower con-
tact angles, especially with water, attributed to the hydrophilicity
of agarose and glycerol. The contact angle between the gel film
(ratio of 1:5) and the AgNWs/PEO ink shows a moderate value
(*90°) that is suitable for screen printing — low enough for ink
settling but high enough to prevent ink spreading.

The electromechanical properties of the printed electrodes
were investigated. The resistance change of a printed line pattern
under a tensile loading-unloading cycle is shown in Figure 4d.
For instance, when 20% strain is applied to the printed pattern,
the resistance increases by 55%. After releasing the strain, it de-
creases to ~#11% indicating good stretchability of the printed elec-
trode. The 11% residual resistance increase was after the first
unloading from the 20% strain. The strain shown in Figure 4d
was increased progressively. For the strains from 2.5% to 15%,
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the second loading and the first unloading followed the same
resistance-strain path, suggesting reversible resistance versus
strain. If the sample is loaded again to 20%, it would follow the
same resistance-strain path. This behavior has been reported in
the literature.l’”] The cyclic tensile test up to the strains of 2%,
5%, and 10% were carried out and the resistance change in 100
cycles was recorded, as shown in Figure 4e. It can be seen that the
electromechanical reversibility of the printed electrode on the gel
film is excellent when the applied strain is within 5% but dete-
riorates when the applied strain is 10%. Adhesion between the
printed AgNW pattern and the gel substrate needs to be strong
to maintain robust electromechanical properties. Figure 4f shows
a scanning electron microscopy (SEM) image of the cross-section
of the printed AgNWs on the agarose gel film. The interface be-
tween the AgNWs and the film appears to be strong and tight as
aresult of the good wettability between the ink and the substrate.
This confirms that the PEO used in the ink serves as an effec-
tive binder to provide stronger adhesion. To further increase the
reversibility range of the electromechanical properties, an encap-
sulation layer can be applied to protect the conductive pattern.°]
In this work, we did not include such an encapsulation layer in
order to enable the direct contact of the electrodes with the skin,
as needed for the electrophysiological sensor applications that are
demonstrated later.

Stretchable electrodes with strain-insensitive interfacial
impedance are desirable for epidermal electronics. Figure 4g
shows the electrode-skin impedance under different strains
from 0 to 25%. The serpentine-shaped electrode shows a nearly
constant impedance profile within 25% strain. For example,
under 10% strain, there is a ~#80% and 140% impedance in-
crease for an AgNW electrode on the agarose gel film substrate
measured at 1 kHz and 1 Hz, respectively. Apart from the elec-
tromechanical stability under strain, the electrodes should be
stable in commonly used media. The resistance changes of the
printed electrodes were measured in the ambient environment
(air), DI water, ethanol, and artificial sweat for 200 h, as shown
in Figure 4h. The resistance changes are ~4% in all cases. The
electrode soaked in ethanol shows a slight decrease in resis-
tance, probably caused by shrinkage of the substrate due to loss
of plasticizer that introduces compression of the electrode and
improves the contact between AgNWs. The electromechanical
stability and the chemical stability of the printed AgNW elec-
trode on an agarose gel film substrate demonstrate its promise
to be used in long-term wearable soft electronic applications.
Furthermore, the stability of the device in ethanol makes it
feasible to sterilize used devices for reuse without performance
deterioration.

2.4. Application as Sustainable Electronic Patches

Electronic sensors or patches can demonstrate their broad utility
in various applications—ranging from environmental monitor-
ing with gas sensors to precise medical diagnostics using biosen-
sors, showcasing the adaptability and impact of electronic sens-
ing technologies.[**>° To demonstrate potential applications of
the printed AgNW electrodes on the agarose substrate in health
monitoring, we used them to collect the electrocardiogram (ECG)
signal of humans. Figure 5a shows one of the three electrodes
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Figure 4. a) Schematic diagram of the screen-printing process for printing AgNWs on agarose/glycerol gel film. b) Printed electronics when peeling from
the skin. c) Contact angle between the different ink probe liquids and the agarose/glycerol films with different ratios. PDMS was used as a comparison.
d) Resistance changes of the printed AgNW straight lines on agarose/glycerol gel film with the ratio of 1:5 when loading and unloading different tensile
strains. e) Cyclic tensile test of the printed electronics under 2%, 5%, and 10% strain. f) SEM image of the cross-section of the printed electronics with
AgNW pattern on agarose/glycerol gel film. g) Impedance of the printed electrode when different tensile strain is applied. h) Resistance changes of the
printed electrode immersed in different media including air, water, ethanol, and artificial sweat.

attached to the wrist with good conformability. These electrodes
do not delaminate under stretching, compressing, and twist-
ing of the local skin, as shown in Figure 5b—d. The electrode-
skin impedances of AgNWs on agarose gel film, AgNWs em-
bedded in PDMS, and commercial gel electrodes were measured
for comparison (Figure 5e). The AgNW/agarose electrodes show
an impedance similar to that of the commercial gel electrodes
and slightly lower than that of the AgNW/PDMS electrodes,
which can be attributed to the excellent conformability of the
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AgNW]/agarose gel film. The ECG signals measured by the Ag-
NWs/agarose film electrodes and the commercial gel electrodes
are compared in Figure 5f, showing no noticeable difference.
An electromyography (EMG) electrode array was constructed
to detect the brachioradialis muscle’s contraction during
weightlifting. The three-electrode array attached to the muscle
is shown in Figure 5g. Figure 5h compares the rectified EMG
signal acquired from the AgNW/agarose gel film electrodes and
the commercial gel electrodes when a subject lifted different
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AgNW /agarose electrodes on skin when being stretched, compressed, and

twisted, respectively. e) Electrode-skin impedances of AgNW/Agarose gel film electrode, AgNW/PDMS electrode, and commercial gel electrode. f) ECG

signals of AgNW/Agarose gel film electrodes (with agarose/glycerol ratio of
mounted on brachioradialis muscle. h) Rectified EMG signals of AgNW/Ag
Example of haptic control via the EMG electrode array. The motor toy stays a
of 60° when the muscle contracts.

weights ranging from 1 to 15 kg. Larger weight results in a
stronger contraction of the muscle and hence a larger signal
magnitude. No obvious difference exists in the EMG profiles of
the two types of electrodes. Furthermore, a muscle-controlled
servo motor system was applied to demonstrate the application
of the EMG electrodes for the human-machine interface. A
threshold of 0.2 mV in magnitude of the EMG signal was preset.
When the EMG signal was lower than the threshold, the servo
motor stayed at 90° (with respect to the horizontal axis); when
the signal was higher than the threshold, the servo motor rotated
to 60°. On this basis, a control scenario was devised wherein the
contraction of the brachioradialis muscle, triggered by gripping
the palm, results in the “angry bird” rotating to strike the “pig”,
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1:5) and commercial gel electrodes for comparison. g) EMG electrode array
arose gel film electrodes and commercial gel electrodes for comparison. i)
t an angle of 90° when the muscle relaxes. j) The motor toy goes to an angle

as shown in Figure 5i,j. The printed AgNW/agarose gel film
electrodes were used to collect the EMG signal, as shown in the
inset in Figure 5j, which was transmitted to the processing board
to control the rotation of the “angry bird”.

2.5. Microbial Biodegradation and Recycling

At the end of life, the gel film substrate can undergo biodegrada-
tion, while the functional AgNWs can be recycled. The biodegrad-
ability of the gel film substrate was assessed by means of aerobic
microbial degradation. For comparison, a sterile silver nanowire
electrode was immersed in DI water as a control, while a second
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Figure 6. a) Weight loss of the two samples in the microbial environment and the DI water without microbes. b—e) A series of photographs taken
on the 4th, 15th, and 30th days after starting the degradation process. €) Magnified view of the electronic patch on the 30th day. f) AgNW fragments
precipitated at the bottom of the Petri dish after removing the microbial communities and the nondegraded substrate. g) Collected AgNWs in suspension.
h) Ultrasonicated AgNW dispersion. i) SEM image of the recycled AgNWs from the ultrasonicated AgNW dispersion.

identical electrode was immersed in a microbial suspension for-
mulated by a commercial compost activator. Details of the experi-
ment can be found in the Experimental Section. Figure 6a shows
the weight loss of the two electrodes (when picked out of the so-
lutions and dried) versus the days of immersion in the solution.
The initial large loss in weight is due to the rapid leaching of the
glycerol, similar to the data in Figure 3e. For the control sample,
the weight decreases slowly and remains almost constant after
40 days. The experimental group in the microbial solution shows
a similar trend to the control group but with more rapid weight
loss. This can be attributed to the biodegradation of the agarose,
which not only decreases the weight of the agarose in the gel film
but also releases the bonded glycerol from the matrix; both can
contribute to weight loss.

A series of pictures taken during the process of microbial
growth and biodegradation from the 4th day to the 30th day are
shown in Figure 6b—e. It can be seen that the microbial commu-
nities grew well in the system. The weight loss accelerates after
15 days, which may be due to the ascendancy of metabolically ef-
ficient species of the microbial population. After 30 days, the sub-
strate of the electrode started to disintegrate, and cracks formed
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across the printed AgNW pattern. After 65 days, the floating mi-
crobial communities on the surface of the water and fragments
of the nondegraded substrate were removed, leaving AgNW frag-
ments precipitating at the bottom of the Petri dish, as shown in
Figure 6f. The AgNW fragments were collected and centrifuged
3 times in ethanol to further remove the residues of the microbial
community (Figure 6g). Then redispersion and recycling of the
AgNWs were carried out using ultrasonication based on the tech-
nique reported previously,* as shown in Figure 6h. SEM image
of the recycled AgNWs, drop cast on a substrate (Figure 6i), indi-
cates that the recycled NWs maintained the desired morphology
to be printed again for new device fabrication.

3. Conclusion

This report presents a class of sustainable soft electronic cir-
cuits where expensive and nonrenewable functional materials
can be recycled and the biopolymer substrates are biodegradable.
The soft electronic devices consist of printed recyclable AgNW
circuits onto biodegradable agarose-based gel film substrates.
To adapt to the epidermal electronics applications, the agarose
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gel film was modified by a glycerol plasticizer to achieve excel-
lent mechanical stretchability, reversibility, and durability. The
properties relevant to the making of these substrates, including
molecular interactions, water vapor permeability, water absorp-
tion, plasticizer leaching, and thermal degradation were charac-
terized, and the efficacy of the modified agarose/glycerol gel films
as multifunctional substrates for epidermal soft electronics was
confirmed. Conductive AgNW electrodes were screen printed on
the biodegradable gel films, exhibiting high electromechanical
stability and chemical stability in air, water, and model sweat
and strain-insensitive low impedance at the electrode/skin in-
terface. The printed electrodes demonstrated excellent perfor-
mance as electrophysiological sensors for human health monitor-
ing and human-machine-interface applications. Furthermore, we
demonstrated that the agarose/glycerol substrate can be biode-
graded and the printed AgNWs can be recycled at the end of
the life. The approach reported in this work could in the fu-
ture be extended to additional circuit functionalities by adding
biodegradable organic semiconductor elements or other recy-
clable soft electronic components involving functional nanoma-
terials. While this study has provided numerous insights into de-
veloping sustainable soft electronics, it also reveals certain limita-
tions, such as the leaching of glycerol from the film in an aqueous
environment and relatively large change in resistance when sub-
jected to a large applied strain. Future materials development can
include increasing the stability of plasticized agarose films in wa-
ter by minimizing plasticizer leaching using a higher molecular
weight compound. The electromechanical stability of the printed
AgNW electrodes can also be improved by adding an encapsula-
tion layer of biopolymer gel on the upper surface.

4. Experimental Section

Preparation of Agarose/Glycerol Gel Film Substrate: The agarose-
glycerol gel film substrate that was used in this study was prepared by the
solution casting method. 1% (w/v) agarose (BioReagent, molecular biol-
ogy grade, low EEO, Sigma Aldrich, USA) solution was prepared by heating
0.2 g of agarose powder in 20 mL deionized water at 215 °C for 10 minon a
magnetic stirrer (250 rpm). Then glycerol (99.5% assay, molecular weight
92.09¢g mol~!, Fisher Chemical, USA) was mixed at different ratios with
different 1% (w/v) agarose solutions on the magnetic stirrer (250 rpm) in
the ratios of 1:0.2, 1:0.5, 1:1, 1:3, 1:5, and 1:7 between agarose and glyc-
erol. The solutions were then stirred until they became homogeneous, and
cooled to x50 °C. Then the cooled solutions were cast on square-shaped
polystyrene petri dishes with sides of 100 mm (100 x 15 mm). The solu-
tions in the Petri dishes were left to dry on the workbench at room tem-
perature (24 °C and ~50% relative humidity). The dried agarose-glycerol
gel films were peeled off the Petri dishes after 4 days. The graphical repre-
sentation of the process is shown in Figure 1b.

Printing AgNWs on Agarose/Glycerol Gel Film Substrate: The AgNWs
used in this work were synthesized by a modified polyol method.!%0] Typ-
ical screen printing was used to print customized AgNW ink. The mask
with the desired printing pattern was fabricated by CO, laser cutting PET
sheet. The AgNW ink was formulated by mixing 4 wt.% AgNWs, into a
polyethylene oxide (PEO) solution with 50% ethanol and 50% DI water
as the solvent. After printing the AgNW patterns on the agarose/glycerol
films, the printed electronics were dried on a hot plate at a temperature of
60 °C for 2 h to remove the solvent.

Characterizations: The UV-vis spectrum was measured by a UV-vis
spectrophotometer, within the wavelength range of 200 to 800 nm. The
FTIR spectrum of the agarose/glycerol gel films was measured by a Fourier
transform infrared spectroscopy (FTIR; FT/IR-4200, JASCO) with a scan-
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ning wavenumber range of 400 to 1000 cm~" using the typical KBr pel-
let method. 100 mg KBr powder was mixed with 2 mg ready-to-test pure
agarose powder, pure glycerol, or agarose/glycerol gel films with different
ratios. After grinding the mixer in mortar, the ground powder was pressed
into a pellet and tested using a customized sample holder. The thermo-
gravimetric (TGA) analysis was operated using TA Instruments Discovery
SDT 650 with a heating rate of 5 °C min~" in a nitrogen atmosphere. In
the static contact angle measurement, DI water, AgNW/ethanol suspen-
sion, and AgNW /terpineol/EC ink were used as the probe liquid, and a
contact angle goniometer (Ramé-hart Instrument Co., Model 200-U1) was
used to measure the contact angle at room temperature. The volume of
the measured ink droplet was 5 uL. To characterize the SEM image for the
cross-section of printed AgNWSs on agarose/glycerol substrate, the sam-
ple was nitrogen frozen and cut to expose the cross-section, and then the
sample holder was tiled into 55° in the SEM (ThermoFisher Quanta 3D
FEG) chamber.

Mechanical Evaluation: The tensile test was carried out using a tensile
tester with a strain rate of 20 um ~'s. To measure the residual strain after
the tensile stretching, the agarose/glycerol gel films with different ratios
were cut into 3 cm X 0.5 cm stripes and stretched by a customized tensile
stage. Before stretching, the lengths of the stretched part were recorded.
After one stretching-releasing cycle with a strain rate of ~100 um ~'s,
the samples were rested for 10 min to relax sufficiently. Then the length
changes of the stretched parts were calculated, which can be considered
as the residual of the samples after the tensile test.

Water Vapor Transmission Rate: The water vapor transmission rate of
each agarose/glycerol gel film was measured on a homemade test sys-
tem following the ASTM E96 standard. Specifically, a 20 mL-sized glass
bottle was filled with 15 mL of distilled water, then sealed with a sample
using Parafilm. The bottle with biopolymer gel films on it was placed in a
chamber with a temperature of 35 °C and RH of 40% + 5%. The weight
of the film was measured before sealing it on the bottle. The mass of the
bottle with agarose/glycerol film on it was measured every 8 h. The water
vapor transmission rate was calculated based on the mass change. And
after 40 h of experiment, the tested agarose gel film was taken off and the
weight was measured to calculate the weight change before and after the
WVTR measurement.

Swelling by Weight and Volume: At first, the gel film was cut into a
square shape (3 cm X 3 cm) and weighed (W;). The corresponding thick-
ness (t;) was measured. Then the film was submerged in 100 mL of deion-
ized water and placed on the workbench at room temperature for 24 h. The
swelling agarose gel film was taken out from the water at different time in-
tervals, and the excess surface water was removed using Kimwipe paper.
Each time the corresponding weight (W) was measured.

The swelling by weight (%) was calculated using Equation (1):

Wi — W,

Swelling by weight (%) = % 100% (1)

where W, and W are the weights of the square-sized gel film before and
after swelling, respectively.

After 24 h of swelling, the length (af), width (by), and thickness (t;) of
the film were measured. The swelling by volume (%) was calculated using
Equation (2):

albl i afbftf

Swelling by volume (%) = b

x 100% @)

where a;b;t; and a¢bt; are the volume of the agarose gel film before and
after swelling.

Leaching Experiment: At first, the glycerol-plasticized agarose gel film
was heated in an oven at 60 °C for 24 h to obtain the dry weight (W;). The
dry film was immersed in 100 mL of deionized water for 24 h which was
placed at room temperature. Then the film was heated again in the oven
at 60 °C for 24 h to obtain the dry weight (W,) after the leaching of glycerol
from the agarose gel film.
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The dry weight loss of the film was calculated using Equation (3):

W,y — W,

x 100% @)
W'I

Dry weight loss (%) =

where W, and W, are the dry weights of the agarose gel films before and
after the leaching of glycerol, respectively. A control experiment was per-
formed using the same method to calculate the dry weight loss of an
agarose film without any glycerol plasticizer.

Electromechanical Evaluation of the Printed Electronics: The resistance
of the printed electronics was measured by a data acquisition system with
a multimeter module (Keysight DAQ970A). The resistance change under
cyclic loading-unloading tensile strain was measured using a customized
step motor-controlled stage. The frequency of the cycles was set as 1 Hz.
The electrode-skin impedance was measured by carrying out a frequency
sweep using a potentiostat (Reference 600, Gamry Instruments) over a
pair of electrodes placed at a distance of 2 cm on the forearm. The dry
AgNW electrodes and commercial Ag/AgCl gel electrodes were placed at
the same location for the test. To measure the electrode-skin impedance
when the electrodes are under strain, the printed AgNW electrodes were
pre-strained and mounted on the skin using a double-sided medical tape
at the edge of the electrode (where there was no AgNW pattern).

ECG Measurement and EMG Human-Machine Interface Platform: The
ECG system was set up using an AD8232 Module connected with an Ar-
duino Nano BLE 33 evaluation board as the data acquisition platform. A
typical three-electrode configuration was used, and the AgNW dry elec-
trodes were connected to the board using ultrasoft enameled copper wires.
The EMG sensor and human-machine interface were developed based on
the AD8226 module. Arduino Nano BLE 33 was used to collect the recti-
fied EMG signals and control an SG 90 servo motor. Three electrodes were
mounted on the forearm, with two on the brachioradialis and the other on
the back side of this muscle as the reference electrode. The “angry bird”
was mounted on the rotating blade of the servo motor using double side
tapes. When the motor moved under the control of the muscle, the figure
falls.

Biodegradation of the Substrate and Recycling of the AgNWs:  Before the
biodegradation experiment, the electrodes of the sensor, the tweezer, and
the Petri dish were first sterilized with 70% ethanol three times and dried.
The microbial suspension was formulated by a commercially available
compost accelerator (Roebic Bacterial Compost Accelerator) and probiotic
additives (SCD Bio Ag), both of which contain a combination of natural mi-
crobes. More specifically, 0.5 g compost accelerator and 0.05 g probiotic
additives were added to 50 mL DI water. Then the solution was allowed to
rest at room temperature for 24 h and centrifuged to remove the solid par-
ticles of the compost accelerator. The supernatant was used to biodegrade
the agarose/glycerol substrate. During the biodegradation experiment, the
sample was immersed in the biodegradation solution and the temperature
of the chamber was kept at 45 °C. The weight of the dried sample was mea-
sured termly along the experiment. The sterilization step was carried out
after every weight measurement. On the 65th day, the floated microbial
communities were removed by a dropper and the residual nondegraded
substrate was taken out. The AgNW fragments were precipitated on the
bottom of the Petri dish and collected. A centrifugation step with a slow
rate of 200 rpm was carried out for the collected AgNWs in water to further
remove the residue microbial communities. Then the AgNWs fragments
were recycled to be redispersed in ethanol using our previously reported
recycling strategy.3]
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