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Biodegradable, Self-Adhesive, Stretchable, Transparent,
and Versatile Electronic Skins Based on Intrinsically
Hydrophilic Poly(Caproactone-Urethane) Elastomer

Pulikanti Guruprasad Reddy, Vipul Sharma,* Vijay Singh Parihar,* ljlal Haider,
Amit Barua, Anastasia Koivikko, Kyriacos Yiannacou, Hatai Jongprasitkul,

Minna Kellomaki, and Veikko Sariola

In biomedical sciences, there is a demand for electronic skins with highly
sensitive tactile sensors that have applications in patient monitoring, human—
machine interfaces, and on-body sensors. Sensor fabrication requires high-
performance conductive surfaces that are transparent, breathable, flexible, and
easy to fabricate. It is also preferable if the electrodes are easily processable as
wastes, for example, are degradable. In this work, the design and fabrication of
hydrophilic silanol/amine-terminated poly(caprolactone-urethane) (SA-PCLU)
elastomer-based breathable, stretchable, and biodegradable electrodes are
reported. Ag nanowires dispersed in water are sprayed onto the intrinsically
hydrophilic electrospun SA-PCLU that became embedded into the scaffold and
formed conformal hydrophilic polyurethane-based conductive networks (HPCN).
The electrodes are used to fabricate capacitive, curvature, and strain sensors, all
having monomaterial composition. In addition to displaying particularly good
transparencies at low sheet resistances, stretchability, hydrophilicity, and tight
and conformal bonding with the target surface, the electrodes also allow the
evaporation of perspiration, making them suitable for epidermal sensors for long-
time use. The application of the HPCN electrodes in flexible electronics and
bionic skin applications is demonstrated through gesture monitoring experi-

1. Introduction

With the recent rapid progress in wearable
electronic sensor technology real-time
human motion monitoring, smart pros-
thetics, active patient biofeedback, and
advanced bionic skins are increasingly
becoming available.’~® Recently, various
flexible/stretchable materials and devices
have been continuously developed, such
as flexible transistors, highly sensitive
pressure sensors, high-resolution inte-
grated circuits, stretchable functional
electrodes, circuitries, and artificial
skins.*"! Especially, flexible tactile sensors
with high performances have achieved
significant  breakthroughs for various
practical applications, which are based on
different physical transduction mecha-
nisms, including piezo resistivity, capaci-
tance, and piezoelectricity.®® However, it

ments and swelling sensors.
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remains a significant challenge to develop

a highly stretchable transparent tactile

sensor with large-scale integration and rapid

response time. These types of sensors

are very useful for gait monitoring in
individuals suffering from neurological ailments such as
Huntington’s disease,®” multiple sclerosis,*Y!  Parkinson’s
disease,*? and other associated neurological conditions.
These sensors can provide very useful information regarding
the development of disease. The constant monitoring of gait
features can facilitate early diagnosis and biofeedback and lead
to patient-specific treatment strategies.*® There is a need for
inexpensive, flexible, stretchable, skin-mountable, breathable,
and eco-friendly sensors that allow the precise monitoring of
human movement and other physiological parameters like pos-
ture, breathing, muscle tremors, gait, and limb movements.
There are conventional semiconductor and metal foil-based
sensors available in the market that have limited flexibility,
low resolution, and ease of use, especially in human joint
movements.**! To increase the flexibility, resolution, and range
of sensing, nanomaterial-elastomer composites based on
flexible strain and capacitive pressure sensors have been
reported for wearable devices.!*"!
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To create sensors capable of withstanding bending, twisting,
and stretching, it is essential to develop a skin-like conductive
surface that functions as an electrode. Several elastomeric syn-
thetic polymers, such as silicon-based elastomers (e.g., polydime-
thylsiloxane (PDMS), Dragon Skin, Ecoflex, and Sylgard),
thermoplastic polyurethane (TPU), and styrene-ethylene-butyl-
ene-styrene (SEBS), are commonly used as traditional stretchable
substrates for fabricating skin-like conductive surfaces due to
their exceptional mechanical properties.'*1% Recently, several
synthetic biodegradable polymers and gels,?” self-healing mate-
rials,?Y and ionic conducting elastomers?? have emerged as
promising alternatives to traditional stretchable substrates for
advanced wearable devices. On the other hand, various conduc-
tive nanomaterials, including silicon nanoribbons, carbonaceous
materials, and metallic nanowires, have been employed to create
polymer-based stretchable conducting surfaces.”® Researchers
have developed ultrathin, stretchable, and compliant epidermal
electrodes by creating specific structural configurations such
as a “wavy” herringbone layout,?*2% “pop-up” wave geometry, 2!
and a filamentary “serpentine” mesh.?"%! Silver nanowire and
polymer composites are particularly attractive for their proper-
ties. Robust, transparent, and breathable epidermal electrodes
have been reported, consisting of a scaffold-reinforced conduc-
tive nanonetwork made of Ag nanowires and TPU®%/polyamide
(PA)BYpolyacrylonitrile (PAN).®Y However, polymer-nanowire-
based epidermal electrodes for use in sensors are facing signifi-
cant challenges. First, electrodes fabricated from traditional poly-
meric substrates suffer from sustainability concerns due to their
nondegradability.'”*? Second, the hydrophobic nature of tradi-
tional polymeric substrates makes it difficult to attach conductive
Ag nanowires to the substrate surfaces when water is used as the
solvent during the fabrication process.®® Therefore, it is essen-
tial to develop novel polymeric elastomers that are internally
hydrophilic, allowing them to adhere to Ag nanowires and create
mechanically robust conductive surfaces, while also being biode-
gradable. On the other hand, using normal flexible electrodes
with substrates suffers from breathability issues, which can
affect wearability comfort and skin health due to the lack of ther-
mal and moisture management between the electrode and the
human skin. While substrate-free electrodes provide a solution,
their robustness and durability are often sacrificed, and the
conductive material is needed in bulk.®*

Furthermore, most previously reported epidermal electrodes
are opaque and visible on the skin, which limits their uses for
circumstances requiring a high level of optical transmis-
sion.!%538 Therefore, it is highly desirable to develop a type of
highly robust, breathable, and transparent electrode that has a
strong bond with the skin for conformal interactions.F” There
is a pressing need for cost-efficient methods to produce hanoma-
terial fillers that would facilitate further development, rapid pro-
totyping, and subsequent commercialization of inexpensive yet
highly sensitive and reliable devices for human motion monitor-
ing applications. Hence, the next-generation sensors must be
skin-mountable noninvasive, lightweight, yet inexpensive to facil-
itate widescale applicability. The artificial skin-like sensors can
pave the way for next-generation human motion monitoring,
human-machine interface devices, and myoelectric prostheses.

In this work, we demonstrate the fabrication of biodegradable,
breathable, transparent, and flexible tactile sensors based on
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hydrophilic amine-terminated polycaprolactone elastomer using
an electrospinning technique. Ag nanowires dispersed in the
water were evenly assembled on the hydrophilic amine-
terminated polycaprolactone elastomer nanofiber surface using
the air spray method. An optical transmittance of 80% was
achieved at a low sheet resistance of 10  sq *. The stretchability
and robustness of the film are demonstrated using the stress—
strain tests. The uniformity of the Ag nanowire network across
the surface is attributed to the hydrophilicity induced by the func-
tional groups within the polymer. Due to the strong van der
Waals force of the nanofibers,®® the conducting film displays
a uniform and conformal attachment with diverse types of target
surfaces, including the skin. Owing to the porous structure for
air conduction, the conducting film allows the evaporation of per-
spiration, making it suitable as an epidermal electrode for long-
term use. The conducting surfaces were used to fabricate the
capacitive pressure sensor, curvature sensor, and stain sensor
in the single-component system where only one polymer is used.
The sensors are fully degradable, and the single-component sys-
tem makes the process facile. Surfaces based on hydrophilic poly-
urethane may pave the way for the fabrication of degradable and
sophisticated functional electronic skins for various sensing
applications.

2. Results and Discussion

Scheme 1 illustrates the synthetic route for the hydrophilic
SA-PCLU elastomer, obtained through a two-step synthetic
approach. Initially, poly(caprolactone-isophorone) diisocyanate
is synthesized via a urethane reaction between poly(caprolactone)
diol and isophorone diisocyanate in a 1:2 M ratio at 80 °C under a
nitrogen atmosphere and solvent-free conditions for 3 h. This is
followed by a reaction with the chain extender triethylene glycol
(TEG) in the presence of a dibutyltin dilaurate (DBTDL) catalyst
in dry DMF for 2 h at the same reaction temperature, leading to
poly(caprolactone-urethane) diol as a starting prepolymer. In the
second step, the hydrophilic SA-PCLU elastomer is synthesized
through the silanization of poly(caprolactone-urethane) diol with
(3-aminopropyl)triethoxysilane (APTES), followed by the hydro-
lysis of the silyl-ether functional group. The synthesized
SA-PCLU elastomer was thoroughly characterized using IR
and NMR analysis.

In the main polymer chain of the elastomer, the poly(capro-
lactone) and poly(TEG) molecular chains act as soft segments,
while the urethane molecular chains act as hard segments.
The combination of these segments is responsible for contribut-
ing to the physicochemical properties of the elastomer. For exam-
ple, the soft segments in the elastomer offer flexibility and
stretchability. Additionally, they contribute to degradability prop-
erties. The ester functionality in the soft segments is labile
towards hydrolytic degradation in aqueous conditions as well
as other enzymatic conditions, thus contributing to the degrad-
ability of the elastomer.®® This property makes the synthesized
elastomer an environmentally responsible choice for use as a
substrate for fabricating flexible devices. On the other hand,
the urethane hard segments contribute mechanical properties
such as hardness and toughness to the elastomer. The
novelty of the elastomer design involves the introduction of
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Scheme 1. Synthetic route for hydrophilic SA-PCLU elastomer.

silanol/amine functionality using APTES in the polymer termi-
nal segments to enhance the wettability of the polymer by mak-
ing it more hydrophilic (Scheme 1). Conventional methods to
introduce hydrophilicity in polyurethane-based elastomers
mostly involve surface treatments,*%Y but this approach has
several limitations, such as hydrophilicity being limited to the
surface and reduced elasticity of the native polyurethanes.
Recently, to enhance the surface wettability of our developed sus-
tainable cross-linked poly(glycerol-co- -valerolactone) urethane
substrates, we introduced an innovative method involving the
incorporation of electrospun poly(vinyl alcohol) as a temporary
wet film leveling layer on the substrate surface.*? This approach
facilitated improved adhesion of Ag nanowires to the substrate,
enabling the fabrication of mechanically robust transparent con-
ducting electrodes. In some silicon-based elastomeric substan-
ces, such as PDMS, the hydrophilicity is not stable after
plasma treatment, as it can revert to being hydrophobic upon
storage in dry air.®! The hydrophobic recovery of the PDMS sub-
strates upon storage in dry air after exposure to plasma and
corona discharge was well studied using contact angle measure-
ments.***) In our method, the hydrophilic silanol/amine func-
tionality of APTES was covalently integrated as terminal end
groups into the elastomer chain. Therefore, the hydrophilicity
of the elastomer is not limited to the surface and does not affect
the polymer’s elasticity and flexibility.?>*” There are a few meth-
ods that have made the overall polymer surface hydrophilic
by plasma treatment,“®! but the long-term hydrophilicity and
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the uniformity of the functional material attachment are not
very good.

To confirm the APTES segment as a terminal hydrophilic end
chain in the SA-PCLU elastomer, FTIR spectroscopy was
employed. Figure 1a shows the FTIR profile of the SA-PCLU elas-
tomer compared with the prepolymer poly(caprolactone-
urethane) diol and the control poly(caprolactone) diol. The bands
in the range of 1528-1537 cm * correspond to N-H deformation
in both the SA-PCLU and poly(caprolactone-urethane) diol. The
broad band observed at 3362 cm ! is attributed to the stretching
vibrations of —Si-OH and —-NH, functional groups in the APTES
segment of SA-PCLU, indicating the hydrophilic nature of the
elastomer. In contrast, this peak is absent in the control poly
(caprolactone) diol, which instead displays a peak at a higher
wavenumber (3535cm 1) due to terminal hydroxyl groups in
its structure. Additionally, a distinctive peak at 1038cm * indi-
cates the stretching vibrations of Si—-O functionalities (silanols) in
the elastomer,*” which is not seen in both the poly(caprolactone-
urethane) diol and the control poly(caprolactone) diol. This
confirms the presence of the hydrophilic APTES segment in
SA-PCLU. The existence of APTES in SA-PCLU was also further
confirmed by proton NMR spectroscopy. The NMR peaks were
assigned based on the chemical structure of SA-PCLU by com-
paring them with those of the prepolymer poly(caprolactone-
urethane) diol and the control poly(caprolactone) diol, as shown
in Figure 1b. The proton NMR spectrum of SA-PCLU displayed
resonance peaks for APTES methylene and NH, protons at
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Figure 1. Characterization of hydrophilic SA-PCLU elastomer with the comparison of prepolymer poly(caprolactone-urethane) diol and the control
poly(caprolactone) diol. a) FT-IR data, b) NMR data, ¢) TGA data, and d) DSC data.

1-1.25 ppm, while silanol groups appeared at 3.75ppm.!*®
Additionally, resonance peaks observed in the range of
6.75-7.25 ppm for SA-PCLU and its prepolymer correspond to
urethane linkage NH protons®® in their polymer’s main chain.
These resonance peaks are absent in the control poly(caprolac-
tone) diol, confirming the formation of hydrophilic SA-PCLU.

To investigate the thermal properties such as glass transition
temperature (T4) and melting temperature (Tr,) of SA-PCLU, in
comparison with the prepolymer poly(caprolactone-urethane)
diol and the control poly(caprolactone) diol, we subjected the
samples to TGA and DSC analysis (Figure 1c,d). TGA analysis
showed that all these polymers are thermally stable at 300 °C
and exhibited an initial mass loss of 6% at 315 °C. The control
polymer showed almost 98% mass loss at 540 °C, while only
92% loss was observed for the poly(caprolactone-urethane) diol
and 86% for SA-PCLU at the same temperature, indicating their
higher thermal stability. The leftover residual mass 10%
observed for SA-PCLU beyond 590 °C is likely due to the remain-
ing inorganic Si-O residue from APTES (Figure 1c). On the other
hand, DSC studies show that both the prepolymer and SA-PCLU
exhibited Ty values of 45°C and 46 °C, respectively, while
the control poly(caprolactone) diol displayed Ty at 61°C
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(Figure 1d). In addition, due to its crystalline nature, the control
poly(caprolactone) diol displayed two sharp T, peaks at 32 °C and
48°C, while these peaks were absent in SA-PCLU and the
prepolymer poly(caprolactone-urethane) diol, indicating their
amorphous nature due to elasticity.

Figure 2 shows a pictorial presentation of the fabrication of
hydrophilic polyurethane-based conductive network (HPCN)
electrodes and the layout for typical capacitive pressure and strain
sensors. To fabricate the HPCN electrode, the electrospun SA-
PCLU film was used as a flexible, stretchable, and transparent
substrate (refer to the experimental section, Table S1 and
Video SV1, Supporting Information, for electrospinning details).
The hydrophilic surface of the SA-PCLU, mounted onto a
3D-printed frame (50 50 mm), was air sprayed with diluted
Ag nanowires (100 gmL !, aspect ratio=70nm 40 m)
in water to make the surface conductive. The use of Ag nanowires
dispersed in organic solvents was avoided in this study, as they tend
to dissolve the SA-PCLU elastomers (see Figure S1, Supporting
Information). During spraying, the Ag nanowires in water were
delivered as numerous small droplets. Upon landing on the
SA-PCLU substrate surface, they underwent uniform dispersion
across the substrate due to its high wettability, caused by hydrophilic
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Figure 2. Pictorial presentation for the fabrication of the HPCN electrode and layout of a capacitive pressure sensor and strain sensors. a) Electrospinning
of SA-PCLU, b) spraying Ag nanowires on SA-PCLU mounted on the 3D printed frame, and c) layout of the capacitive sensor, curvature sensor, and strain

sensor.

silanediol and amine functionality. The hydrophilic surface of the
SA-PCLU substrate has a strong affinity for Ag nanowires in water,
allowing the Ag nanowires to spread more evenly and cover a larger
surface area. The air spray not only uniformly disperses the Ag
nanowires across the substrate surface but also provides the force
needed for the Ag nanowires to penetrate the electrospun fibers.
After drying the Ag nanowire-sprayed SA-PCLU films under
ambient conditions, the HPCN is obtained as a freestanding,
transparent, and stretchable conductive surface.

Figure 3a shows the top view of the scanning electron micros-
copy (SEM) image of the as-electrospun SA-PCLU fiber mat. The
fibers are very smooth without any beads and orient to random
directions due to the flat plate collector. Based on SEM images,
the fiber diameters were measured and found to range from 300
to 900 nm, with an average diameter 450 from 100 points of
diameter measured from the SEM and AFM images (Figure S2,
Supporting Information). Different electrospinning parameters
such as electrospinning voltage, solvents, and the weight/volume
ratio led to different morphologies; the optimization table along
with the corresponding SEM images is shown in Table S1 and
Figure S3, Supporting Information respectively. Figure 3b shows
the SEM images of the HPCN. The hydrophilic surface compris-
ing the nanofibers acts as a backbone, while highly conductive Ag
nanowires adhered to these fibers form a conductive network. As
revealed by the top-down view of an SEM image in Figure 3b, the
Ag nanowires are 70 nm in diameter and 40 m in length.
Due to the air pressure during the Ag nanowires spraying pro-
cess and the intrinsic hydrophilic interactions, the Ag nanowires
have penetrated through the nanofibers membrane and made the
surface slightly conductive even on the backside, making the
films conductive on both sides. Thus, it can be assumed that
the Ag nanowire connections are reinforced by the fibers present
in the scaffolds, and this is very important to the very good
mechanical stability as discussed further in this manuscript.
However, the spherical morphology observed in the inset of
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Figure 3b is due to the agglomeration of Ag nanowire clumps
on the electrode surface, which is commonly seen when high
aspect ratio nanowires (70nm 40 m (W L)) are deposited
on the substrate surface through air-spraying method.%54

The as-fabricated HPCN surfaces also feature excellent homo-
geneity in the Ag nanowire deposition throughout the surface.
As evidenced in Figure 3c, the presence of Ag is mapped via
EDS mapping which reveals very good uniformity. In contrast,
the control sample of electrospun poly(caprolactone) (PCL)
showed no spreading of Ag nanowires in the ethanol:water
droplets across the substrate, due to its hydrophobic character
(Figure S4, Supporting Information). This merit is mainly
attributed to the intrinsic hydrophilicity of the SA-PCLU film
and uniformly dispersed Ag nanowires in water. Besides, the
air spray method also ensures an even distribution of the Ag
nanowire over the HPCN surfaces.

Further, the hydrophilicity of the SA-PCLU surface was also
confirmed by contact angle measurements. The electrospun elas-
tomer surface containing APTES displayed contact angle values
of 59 8° (refer to Figure 4a) as compared to the electrospun
PCL surfaces (111.1 0.1°) reported in the literature.*? The
hydrophilicity of the electrospun elastomer surface facilitated
the air spray deposition of Ag nanowires during the fabrication
of the HPCN. The resulting film on the surface was crucial for
the uniform deposition of Ag nanowires across the surface.

The mechanical properties, such as elongation at break and
tensile strength, are crucial for substrates as well as flexible elec-
trodes used in flexible devices. The stress—strain profiles of the
hydrophilic fabric substrate SA-PCLU, compared with HPCN,
are shown in Figure 4b. The SA-PCLU surface can be easily
extended under direct uniaxial stretching, showing a breaking
elongation of 220% at a tensile strength of 5.2 KPa, which is
better than other reported polycaprolactone-based electrospun
surfaces.®®>° In contrast, the HPCN exhibited a two-step break-
ing strain profile. The initial major breakage of the HPCN
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http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

CED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

www.aem-journal.com

10,000 —f
Tc]
- {
7 i
c
3 i
o,
2 5,000 |Ag|
g
£ i
l Ag|
Y
0] ha]
415 : A
e
0 - T T T T I T T T | T T T T l 1 1 1 1 |
0 5 10 15 20
Energy [keV]

Figure 3. SEM images of a) electrospun SA-PCLU elastomer and b) HPCN electrode. c) The EDS spectra of the HPCN surface. The insets show the
elemental mapping of the surfaces showing the uniform deposition of Ag nanowires across the HPCN surface.

occurred at 175% strain, followed by complete failure at more
than 200% strain (Figure 4b). The differences in the stress—strain
profile of HPCN compared to SA-PCLU may be due to the loaded
AgNWs, which can either reinforce or embed on the elastomer
surface. Loading AgNWSs on the surface of electrospun fabric
SA-PCLU makes the elastomer stiffer and less flexible due to
the rigid metallic content, thus affecting the mechanical proper-
ties of the fabric elastomer. To further confirm the effect of Ag
nanowires on the mechanical properties of SA-PCLU, we loaded
various concentrations of Ag nanowires (10, 20, 30, 40, and
50 gcm ) onto the SA-PCLU and studied its resilience prop-
erties at 5% strain over 3 cycles (Figure S5, Supporting
Information). These studies reveal that the strain % decreased
with each cycle as Ag nanowire loading increased, indicating that
the material becomes less elastic and more rigid with higher
AgNW content. Additionally, to evaluate the resilience of
HPCN, we subjected the same film for mechanical testing under
different strain loading conditions (10%, 20%, and 30%) for
20 cycles (Figure 4c). The results show that HPCN demonstrated
rapid expansion and recovery under these conditions due to
its low or negligible hysteresis. This property is critical for
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stretchable devices that undergo repeated mechanical deforma-
tions during stretching and bending.

Studying the stability of Ag nanowires on the electrode surface
is crucial when the electrode is used as an e-skin sensor. To check
the stability, the surface was dipped in the saline solution for 60 s
and the resistance was recorded. The resistance only rises by

0.67%cycle * average after 100 dipping cycles as shown in
Figure 4d and might be due to the slight oxidation of Ag nano-
wires. A similar observation is also obtained if the saline solution
is replaced by deionized water. Being immune to liquid interac-
tion is solid evidence that the Ag nanowires are properly adhered
and the HPCN electrode is promising to be adopted in electronic
skins, as its conducting property is not compromised by com-
monly occurring external factors. For real-life applications such
as for long-time exposure to heavy sweat, a thin layer of parylene-
C may be coated onto the hydrophilic elastomer nanofibers by
chemical vapor deposition or other methods, to further promote
the chemical stability of the supporting electrospun surface.®®

To assess the transparency of the HPCN, transmittance
studies were conducted. The HPCN with a thickness of

300 mwas mounted onto the square-shaped 3D printed frame
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