
RESEARCH ARTICLE
www.advmatinterfaces.de

Cellulosic Nanofibers Utilizing a Silicone Elastomeric Core
to Form Stretchable Paper
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and Ahyeon Koh*

Paper, an inexpensive material with natural biocompatibility, non-toxicity, and
biodegradability, allows for affordable and cost-effective substrates for
unconventional advanced electronics, often called papertronics. On the other
hand, polymeric elastomers have shown to be an excellent success for
substrates of soft bioelectronics, providing stretchability in skin wearable
technology for continuous sensing applications. Although both materials hold
their unique advantageous characteristics, merging both material properties
into a single electronic substrate reimagines paper-based bioelectronics for
wearable and patchable applications in biosensing, energy generation and
storage, soft actuators, and more. Here, a breathable, light-weighted,
biocompatible engineered stretchable paper is reported via coaxial nonwoven
microfibers for unconventional bioelectronic substrates. The stretchable
papers allow intimate bioconformability without adhesive through coaxial
electrospinning of a cellulose acetate polymer (sheath) and a silicone
elastomer (core). The fabricated cellulose-silicone fibers exhibit a greater
percent strain than commercially available paper while retaining
hydrophilicity, biocompatibility, combustibility, disposable, and other natural
characteristics of paper. Moreover, the nonwoven stretchable
cellulose-silicone fibrous mat can adapt conventional printing and fabrication
process for paper-based electronics, an essential aspect of advanced
bioelectronic manufacturing.

J. S. Dorsainvil, M. S. Brown, A. Koh
Department of Biomedical Engineering
State University of New York at Binghamton
Binghamton, NY 13920, USA
E-mail: akoh@binghamton.edu
Z. Rafiee, A. Elhadad, S. Choi
Department of Electrical andComputer Engineering
StateUniversity ofNewYork at Binghamton
Binghamton,NY13920,USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202300487

© 2023 The Authors. Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admi.202300487

1. Introduction

Natural materials such as paper and
cellulose derivatives have become of
interest for flexible electronics in the past
decade. Paper depends on cellulose fibers
from wood pulp found in plants that are
compressed together to form thin sheets
of cellulose fibers. Lignin and Hemicel-
lulose are two polymers found within
plants’ secondary cell walls that signif-
icantly impact cellulose fibers’ physical
and chemical properties.[1–3] The 2D
fibrous material has been used for over
2000 years, likely because of its unique
properties, including flexibility, inexpen-
siveness, biocompatibility, hydrophilicity,
biodegradability, environmentally favor-
able, and highly abundant.[4–6] With
advanced bioelectronics, paper has
adopted paper-functional electronics for
sensing,[7–9] energy production,[10–12] and
various other biomedical and pharma-
ceutical applications. The Whitesides
group first utilized paper for an inex-
pensive bioassay that detects analytes
like glucose and protein by patterning
hydrophobic barriers to form microflu-
idic channels.[13–15] Additionally, paper
is an ideal habitat for immobilizing mi-
croorganisms or biorecognition reagents

because of its porous and hydrophilic nature. Therefore, the pa-
per can realize the range of bioelectronic applications from sen-
sors to batteries utilizing biological prowess of enzymes and
bacteria while aided by printed electronics;[16,17] however, pa-
pers as an electronic substrate challenges versatility for wear-
able and biointegrated bioelectronics. Although paper is flexible,
there pose issues with the mechanical mismatch between pa-
per and the evolving, living organ (e.g., the epidermal layer of
skin). For instance, the elastic modulus of the epidermal layer is
≈140 kPa and has a strain of 30% and 100% at joints, while most
ridged electronic devices fail at a strain of 3%, which includes the
strain to failure of paper.[13–15] The mechanical mismatch of pa-
per to skin presents long-term wearability issues such as delam-
ination, non-conformal contact with the skin during strenuous
movement, and device deformation, ultimately leading to device
failure.
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Soft bioelectronics has recently highlighted wearable technol-
ogy due to its unique mechanical properties that allow for bend-
ing, twisting, folding, and stretching.[19–21] Soft elastomeric poly-
mers thatmimic the skin’smechanical properties have been used
for electronic substrates to maintain conformal contact with the
curvilinear surface of the skin during deformations.[19–21] Vari-
ous soft bioelectronics platforms for wearable and implantable
devices have demonstrated continuous monitoring and stimula-
tion of physiological information. Examples include noninvasive
3D microfluidic biosensors that detect biomarkers in sweat or
saliva,[22–26] patterned microelectronics such as LED displays on
stretchable rubber,[27] an inkjet-printed transistor array on a sili-
cone elastomer,[16] and breathable porous biosensors for free gas
exchange.[17,18]

To take advantage of paper-based electronics and soft bioelec-
tronics, a single fiber structure has been designed for build-
ing units of stretchable paper consisting of silicone elastomers
and cellulose. Electrospinning fabricates a nonwoven fibrous ar-
chitecture like paper. We hypothesize that coaxial electrospin-
ning can employ a core-sheath nanofiber structure of an elas-
tomeric core to a cellulose polymeric sheath. By altering electro-
spinning processing parameters,[19,20] fiber morphology,[21] core-
sheath structure,[22] and other physical properties can be mod-
ified to allow for both elastomer and cellulose polymer to co-
exist into a single fiber creating a stretchable paper.[23] Herein,
a nanofibrous substrate integrating a silicone elastomer and
cellulose-based polymer to create a stretchable paper. While the
substrate retains the natural properties of cellulose paper, the
nonwoven 3D fibrous matrix can stretch up to 45% at max
strength. This work aims to present the use of stretchable paper
for existing technologies in paper-based bioelectronics by demon-
strating a stackable microbial fuel cell (MFC) device to have a
comparable power output. The stretchable paper aspires to bridge
the gap between soft bioelectronics and paper-based bioelectron-
ics with stretchability and paper-based attributes in a single fi-
brous mat.

2. Results and Discussion

2.1. Fabrication and Characterization of Coaxial Silicone-Cellulose
Microfibrous Nonwoven Mat

Electrospinning realizes the stretchable papers for biointerfaced
paper-based bioelectronics. The coaxial microfibrous nonwoven
electrospun mat with a silicone elastomer and a cellulose poly-
mer for core and sheath, respectively, can be laminated on the
skin along with mechanical deformation (Figure 1A) without the
assistance of adhesives. Similar to conventional paper, such as
US Letter printing paper (fibers 15.01 ± 3.03 μm in diameter),
the coaxial electrospun mat has a nonwoven structure of cel-
lulose fibers (0.91 ± 0.23 μm in diameter) with an elastomeric
core, creating a 2D porous sheet (Figure 1B,C). Cellulose ac-
etate (CA), a cellulose derivative, was selected for sheath mate-
rial because cellulose is poorly soluble in organic solvents and
thus incapable of electrospinning.[24] Then, CA sheath were con-
verted to cellulose II by deacetylation using ethanol, and alkaline
sodiumhydroxide.[25] Although conventional paper ismade from
cellulose I—the most natural form, cellulose I is not the most
thermodynamically stable material due to its molecular structure

of parallel cellulosic chains. On the other hand, cellulose II ex-
hibits more excellent thermodynamic structural stability due to
hydrogen bonds through its antiparallel cellulose chains.[26] Nev-
ertheless, both types of cellulose hold necessary characteristics
for paper-based electronics, such as wicking, hydrophilicity, and
combustibility.
A coaxial electrospinning setup allowed controllable produc-

tion of the fibrous mat by modifying processing parameters such
as solution viscosity, solvent composition, applied voltage, tip-
to-collector distance, and type of collector. Different solvent sys-
tems were explored to find the optimal polymer concentration of
CA for fibermorphology (Table S1, Supporting Information). Tri-
fluoroacetic acid (TFA), acetone/dimethylacetamide (DMA), and
acetone/dimethylformamide (DMF) were used in varying weight
percentages of polymer solutions. The CA solution with TFA sol-
vent formed a smooth and dense nanofibrous mat with mini-
mal beading when electrospun with the silicone elastomer coax-
ially. While TFA is an excellent solvent for dissolving cellulose
derivatives,[27] issues arose with encapsulating the silicone elas-
tomer. This could be due to the strong acid etching of the silicone
elastomer before curing occurs.[28] A 2:1 ratio of acetone to DMA
resembled fibers with beads and larger fiber diameters. How-
ever, again, issues arose with the encapsulation of the elastomeric
core. An 85:15 ratio of acetone to DMF solvent system was ex-
plored as DMF is a widely used solvent, mainly for CA fibers.[24,5]

With our sheath solution encapsulating our core solution, un-
derstanding the solvent compatibility of DMF with the core so-
lution is integral for coaxial electrospinning. DMA and DMF are
acceptable solvents for dissolving cellulose acetate because they
are polar aprotic solvents[29] and have great volatility for evap-
oration rate before deposition on the collector plate.[24,30–31] Al-
though they are both similar solvents in their chemical struc-
ture, DMF has a hydrogen atom demonstrating hydrogen bond-
ing while DMA has a methyl group.[32] With DMF, hydrogen
bonding interactions have been reported to be a prime motiva-
tor for cellulose dissolution.[29] In addition, DMF has negligi-
ble etching on silicone elastomers despite being a strong polar
solvent.[28,33] The optimized ratio and solvent composition, 17
wt.% CA in 85:15 acetone/DMF created a fiber mat with min-
imal beading and showed a distinctive single fiber core-sheath
structure.
For introducing elastomeric mechanics in single microfiber,

polydimethylsiloxane (PDMS) and DuPont’s Liveo Soft Silicone
Adhesive (SSA) were electrospun for the core of coaxial fibers.
Our experimental setup consisted of testing PDMS at the base to
cure ratios of 30:1 and 10:1 with our three solvent systems for
CA. In our previous work, PDMS fibers were formed using a
30:1 ratio with 10% added tetrahydrofuran (THF) solvent to re-
duce viscosity for coaxial electrospinning while templated with
polyvinylpyrrolidone (PVP) as a sheath. However, coaxial elec-
trospinning of the PDMS fibers using the CA polymer proved
challenging due to poor encapsulation of the PDMS core with
the addition of THF. The SSA elastomer works as a two-part sys-
tem with a low mixing viscosity and transparent appearance be-
fore and after curing. The SSA elastomer has a lower modulus
of elasticity of 75 to 308 kPa (Table S2, Supporting Information),
while PDMS has a modulus of elasticity of ≈360 to 870 kPa.[34]

Similar to our experimental setup for PDMS, we used the rec-
ommended 1:1 part A to part B ratio for our three CA solvent
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Figure 1. Characteristics of stretchable paper, SSA-CA fiber mat. A) Schematic demonstration of mechanical biocompatibility of SSA-CA fibrous mat.
SEM images of B) SSA-Cellulose fiber mat (Scale bar, 20 μm) compared to C) multipurpose printer paper (scale bar, 100 μm). D) Optical images of
fabricated 2D nonwoven SSA-CA fibrous mat (scale bar, 2 cm) and E) demonstrated stretchability under strain (scale bar, 2 cm), while F) US Letter paper
ripped from stretching (scale bar, 2 cm). G) Ballpoint pen drawn over SSA-CA fiber mat (top) and print paper (bottom) (scale bar, 10 mm). H) SSA-CA
fiber mats assembled to print paper with conductive ink (scale bar, 10 mm). SEM Images conductive ink on I) SSA-CA fiber mat (scale bar, 3 μm) and J)
print paper (scale bar, 40 μm). K) Simple functional circuit demonstration of LED over fiber mat with battery over conductive ink (scale bar, 10 mm). L)
Fiber mat being folded in twofolds (Scale bar, 20 mm). M) Flammability of SSA-CA fiber within 7 s (Scale bar, 20 mm).

systems. Although SSA has an initial low viscosity and does not
require a solvent, we tested the elastomer in added THF in 0%,
10%, and 20% (Table S3, Supporting Information). The increase
in THF concentration aided in effective taylor cone formation
during electrospinning due to lowering the viscosity of the SSA,

allowing minimal solvent miscibility for CA to encapsulate the
SSA.
After optimization of processing parameters, we set the sheath

solution at 17 wt.% CA in 85:15 acetone/DMF, and the core so-
lution was set to a 1:1 ratio of SSA two-part system in 20% THF.
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The optimal solution concentration and additive solvents refine
electrospinable viscosity and enable the core to be adequately en-
capsulated by the interface between the core and sheath (Figure
S1, Supporting Information). The electrospun SSA-CA fibrous
nonwoven mat does not exhibit ripping under stretch, while
US letter printing paper visibly tears along the paper’s surface
(Figure 1D–F).
To test its printability and writability, we used a ballpoint pen to

write over the stretchable paper (Figure 1G). In Figure 1H, con-
ductive ink was deposited to create a straightforward circuit de-
sign over the stretchable paper (red dotted box), paper tape (green
dotted box), and printing paper (white dotted box). The SEM im-
ages of the contact pads on the SSA-CA fiber mat (Figure 1I) and
printing paper (Figure 1J) confirm the printability of the conduc-
tive ink into the nanofibers of the SSA-CA fiber mat similar to
printing paper. The conductive ink’s metallic silver flakes (resis-
tivity of 1 Ω cm−2) were integrated within the 3D fibers network,
which is an essential feature for reliable and robust electrical
functions of the paper-based bioelectronics. Figure 1K demon-
strates the electrical functions of the written contact pads on
the fabricated stretchable fibrous substrates with a LED circuit
and power module connected to a 9 V. With the ability to fold
(Figure 1L), patterning each side with a different circuit could cre-
ate more complex circuit systems. The nonwoven SSA-CA fiber
mats (40 mm × 40 mm) combust within 7 s (Figure 1M), dis-
playing their ease of disposal. As demonstrated by the experi-
mental comparisons, the SSA-CA fiber mat certainly holds its
paper-based qualities compared to compressed cellulose fibers
like printing paper. Other works demonstrating the disposal of
paper-based devices through combustion demonstrate burning
times of fifteen seconds[35] and 30 s.[36] The fabricated SSA-CA
achieves combustion in 7 s, twice as fast as Whatman filter pa-
pers. Unlike the highly flammable nitrocellulose paper, which is
hazardous due to its rapidly flammable properties,[37] the SSA-
CA fiber mat is not as flammable, making it safe and easy for
disposal.

2.2. Physical and Chemical Characterization of Electrospun
Coaxial Silicone-Cellulose Fibrous Mat

The fabricated coaxial electrospunmatmorphology was analyzed
for fiber diameter, sheath thickness, and core diameter. The aver-
age fiber diameter of the SSA-CA fibers was 1.38 ± 0.37 μm and
0.91 ± 0.23 μm before and after deacetylation, respectively, show-
ing statistical insignificance (Figure 2A,B). By converting CA into
cellulose II by deacetylation using 0.05 m NaOH and ethanol, the
fibers still resemble a nonwoven fiber mat but with a coarse ap-
pearance to the sheath of the fibers (Figure 2C). The SEM and
confocal images (Figure 2D,E) confirm the structural integrity
of the coaxial architecture. With the core structure and sheath
being coaxial, during the electrospinning process, the interface
between core and sheath shows minimal mixing in Figure 2E,
allowing for polymer and elastomer to form a miscible region at
the interface. The miscibility at the interface becomes advanta-
geous for the cellulose sheath as it allows for the sheath to take
advantage of the elastomer’s stretchability. The sheath of the fiber
was determined to be 267.01 ± 84.86 nm thick, and the core fiber
had a diameter of 476.48 ± 60.77 nm.

Figure 2F,G shows Fourier-transform infrared (FTIR) spec-
troscopy spectrums of the coaxial SSA-CA electrospun fibers
compared to the SSA elastomer and the SSA-CA fiber mat be-
fore and after the deacetylation process. The FTIR spectrum of
the SSA elastomer exhibit peaks at the 1019 cm−1 wavelengths
indicating the presence of the siloxane groups. For the SSA-
CA fiber mat, an additional peak at 1738 cm−1 presents in ad-
dition to the siloxane peak, indicating the presence of the car-
bonyl group in CA (Figure 2F). After the chemical process of
deacetylation, the carbonyl peak no longer appears, demonstrat-
ing successful removal of the acetal group and further the peak
at the OH group near the 3200 cm−1 wavelength pronounces,
which confirms the regeneration of cellulose[38] (Figure 2G).
Figure 2I,J shows the fiber mat’s water contact angle (WCA)
measurements before and after deacetylation. The average WCA
of electrospun SSA-CA fibers is 129.08 ± 0.46 ° and 108.69 ±
5.03 ° before and after deacetylation, respectively. A slight in-
crease in hydrophilicity of the fiber mat was observed, again
pointing to the successful transition from CA to regenerated cel-
lulose. However, when observing WCAs over time, fiber mats
after deacetylation demonstrate higher wettability with the wa-
ter droplet showing lower WCAs of 46.57 ± 14.52 ° within
15 s (Figure S2A–C, Supporting Information). With natural cel-
lulose beingmore hydrophilic than CA, it is expected to see lower
WCAs, demonstrating deacetylation as a helpful procedure in
converting CA fibers to regenerated cellulose fibers. Although
surface treating fiber mats through plasma cleaning can alter
their hydrophilic properties, deacetylated fiber mats provide a
198.51% higher vertical wicking rate (2 mm h−1) than plasma
cleaned fiber mats (0.67 mm h−1) (Figure S2D-F, Supporting In-
formation). The pore size of the stretchable paper was measured
at 9.43 ± 4.16 μm (n = 100) with an average fiber mat thick-
ness of 92.61 ± 10.17 μm (n = 25) at a fiber deposition time of
30 min.
As mentioned previously, commercially available paper such

as Whatman brand paper has been widely used due to their
wicking properties gaining the advantage over other paper
substrates.[39] Whatman chromatography paper, with its moder-
ate liquid flow and retention rate, can be attributed to its 180 μm
thickness and 11 μm pore size. In contrast, the Whatman filter
paper demonstrates greater liquid flow and retention rates due to
its 20–25 μm pore sizes. Another available paper utilized is nitro-
cellulose membranes with a pore size of 0.45 μm.When compar-
ing the stretchable paper’s pore size with the pore sizes of com-
mercially available papers and their flow and retention proper-
ties, the porosity of the stretchable paper has similar sizes com-
pared to chromatography paper. However, the flow and retention
rates of the stretchable paper differ from the flow rate and reten-
tion rates of chromatography paper; this can be attributed to dif-
ferent surface tension and pore sizes in the fiber mat. Although
Whatman filter paper has superior wicking properties over our
stretchable paper, optimizing the nanofibers allows for tunabil-
ity in fiber morphology which may affect substrate flow rate and
retention according to substrate requirements for bioelectronic
applications. Therefore, porosity and fiber mat thickness can be
tuned through electrospinning flow rate parameters and process-
ing time. Additionally, fiber alignment can aid in the flow rate of
liquids into the fiber mat, as fiber alignment can affect wicking
properties.
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Figure 2. Surface characteristics of fibermat. A) SEM image of coaxial SSA-CA fibers (scale bar, 20 μm). B) Assessment of SSA-CA fiber diameter with
an average fiber diameter of 1.38 ± 0.37 μm (n = 250). C) SEM image of coaxial SSA-Cellulose fibers after deacetylation (scale bar, 20 μm). D) SEM
cross-sectional image of a coaxial SSA-Cellulose fiber after deacetylation and freeze fracture exposing the core material with an average core diameter of
476.48 ± 60.77 nm (n = 50) and average sheath thickness of 267.01 ± 84.86 nm (n = 50) (scale bar, 1 μm). E) confocal microscopy of a coaxial SSA-CA
fiber with fluorescent dyes of Rhodamine B for CA (Red) and Quinine for SSA (blue) (scale bar, 5 μm). F) FTIR spectrum of SSA elastomer (black) and
coaxial SSA-CA fiber mat (red). The spectrum indicates a presence of both silicone and cellulose acetate demonstrated at 1019 cm −1 and 1738 cm −1

for the siloxane group and the carbonyl group, respectively. G) FTIR spectrum of SSA-CA fiber before (black) and after (red) deacetylation. The sheath
CA become cellulose after deacetylation demonstrated by the reduction in transmittance at the 1738 cm −1. H) EDS analysis of coaxial SSA-CA fibers
showing peaks of carbon and oxygen from CA and a silicone peak from the SSA. WCAs of fiber mats I) before and J) after deacetylation exhibiting 129.08
± 0.46 ° and 108.69 ± 5.03 °, respectively.

Energy Dispersive X-ray Spectroscopy (EDS) analysis dis-
played the elemental composition of the SSA-CA fiber mat. The
EDS spectrum shows a more significant peak from carbon, a
lesser peak in oxygen, and an even lesser peak in silicone. In
contrast, pure CA membranes have pronounced carbon and oxy-
gen peaks[40] and SSA has a higher peak in silicone (Figure 2H).
The surface elemental composition of SSA-CA coaxial fibers in-
dicates that both CA and SSA are present (Figure S3A,B, Sup-
porting Information) with minimal blending during electrospin-
ning. More surface analyses of the fiber mat were analyzed us-
ing an optical profilometer to investigate the surface roughness

before and after deacetylation (Figure S3C,D, Supporting Infor-
mation). The fiber mat before deacetylation had a roughness av-
erage value of 10.16 μm, whereas the fiber mat showed a rough-
ness average value of 5.33 μm after deacetylation. The reduction
in surface roughness of the fiber mat after deacetylation can also
indicate the increase in hydrophilicity of the deacetylated fiber
mats over fiber before deacetylation. When comparing the fiber
mat after deacetylation to commercially available Whatman fil-
ter paper, the surface roughness of the deacetylated fiber mats
is lower than that of Whatman paper (12.2 – 13.9 μm) and simi-
lar to multipurpose printer paper (5.3 μm);[41] and shows that the
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fiber mat after deacetylation falls within the range of other pa-
per’s average roughness measured in literature.[42] Furthermore,
with the SSA-CA fiber mat made of cellulose and silicone mate-
rials, the biocompatibility was tested by laminating the fiber mat
(20 mm × 30 mm) on skin for three days (Figure S3E,F, Support-
ing Information). After three days of lamination of the fiber mat
to the skin, the fiber mat showed no visible sign of skin irritation
or redness.

2.3. Mechanical Characteristics of Stretchable Paper

As previously mentioned, device performance for skin wearable
devices is reliant on the efficacy in conformal contact with skin.
Investigating the mechanical properties of the fiber mat to sur-
pass the stretchability of paper-based substrates is an important
criterion; however, ensuring this stretchability is suitable for elec-
tronics is equally important to ensure adequate device perfor-
mance. Figure 3A,B demonstrates the biomechanics properties
of a CAfibermat compared to the SSA-CAfibermat. TheCAfiber
matwithout the silicone core exhibits a high tensile strength (3.20
± 1.51 MPa) and high modulus of elasticity (130.97 ± 2.92 MPa)
with a low percent strain at max tensile strength (18.60 ± 1.83%);
however, the SSA-CA fiber mat shows a 13.13% decrease in ten-
sile strength (2.78 ± 0.56 MPa) and low modulus of elasticity
(32.02 ± 9.35 MPa) with a 139.41% increase in percent strain at
max tensile strength (44.53 ± 6.34%) (Figure 3A). The linear re-
gion of the curve in Figure 3A, outlined by the green dotted box,
shows where both CA and SSA-CA fiber mats start to show signs
of plastic deformation. The CA fiber without the silicone core
only shows a percent strain before deformation occurs at 0.80 ±
0.53%. In contrast, the SSA-CA fiber mat shows a percent strain
of 2.27 ± 0.70% before deformation occurs, a 183.75% increase
from the fiber mat without the silicone core (Figure 3B). Com-
mercially available Whatman paper and other cellulose-based pa-
pers also exhibit low percent strains of 1–2%[43,44] before plastic
deformation occurs, with maximum percent strains of less than
10% before breakage occurs.[45] Compared to Whatman grade
cellulose papers, the fabricated SSA-CA fiber mat shows more
percent strain before plastic deformation and breakage occur.
We can also verify that the integrity of the silicone core remains

unchanged after deacetylation occurs. The SSA-cellulose II coax-
ial fibrous mat showed an elastic modulus of 8.64 ± 3.07 MPa
and a 2.47 ± 0.23% percent strain before deformation occurs.
It is expected to see higher elastic moduli from cellulose-based
materials than cellulose acetate substrates which is why the SSA-
Cellulose II fiber yields a higher elastic modulus. However, the
percent strain before plastic deformation demonstrates a smaller
standard deviation in percent strain, which confirms insignifi-
cant stretchable property changes after the deacetylation.
To further increase the hydrophilicity of the SSA-CA fiber mat

after deacetylation for paper-based bioelectronics applications,
we explored plasma treating the SSA-CA fiber mats and treat-
ing them with glycidoxypropyldimethoxymethylsilane (3G). The
effect of chemical treatment on the biomechanics was tested.
Figure 3C shows the biomechanics of each chemical process; the
plasma-treated paper (red) displays the highest tensile strength,
yet it is the chemical process with the lowest yield percent
strain. The 3G-treated paper (blue) has the lowest tensile strength

(0.16 ± 0.06 MPa) with a moderate yield percent strain (2.0 ±
1.93%). Although chemical treatment is advantageous to ensure
a hydrophilic surface, there are slight tradeoffs in percent strain
before deformation occurs. The 3G-treated paper offers the best
hydrophilic surface but the lowestmechanical properties. The op-
timal chemical treatment for the hydrophilicity of the fiber mat’s
surface lies between the deacetylated fiber mat and the plasma
cleaned fiber mat after deacetylation. To further quantify perme-
ability, three different fiber mats (3G treated fiber mats, deacety-
lated fiber mats, Plasma treated fiber mats) and Whatman grade
410 filter paper were soaked in a Phosphate-buffered saline (PBS)
solution (pH 7.4) for four hours at a temperature of 37 0C to ob-
serve water retention and swelling ratio (Figure S2I,J, Support-
ing Information). The swelling ratio for the 3G treated fiber mat,
deacetylated fiber mat, plasma treated fiber mat, and Whatman
filter paper was calculated at 8.22%, 17.56%, 25.60%, and 30.81%
respectively. With Whatman paper having superior wicking and
hydrophilic properties, the plasma treated SSA-Cellulose fiber
mat yields a near similar swelling ratio to Whatman filter paper.
Permeability of the SSA-Cellulose fiber mat with the presence
of conductive paint spray coated onto the fiber mat was also as-
sessed by using the fiber mat in an electrochemical setup to mea-
sure the oxidation reduction potential of water (Figure S2K, Sup-
porting Information). The conductive SSA-Cellulose fiber mat,
serving as the working electrode, was immersed in water along
with an Ag/AgCl reference electrode showing the open circuit
potential to be measured as −99.74 mV. Lastly, with the con-
ductive SSA-Cellulose fiber mat submerged in PBS, the change
in electrode impedance was measured over time with the elec-
trode impedance measured at 835.30Ω after twenty-five minutes
(Figure S2L, Supporting Information).
The porous, stretchable, nonwoven fibrous electronic sub-

strates offer many benefits for applications regarding skin inter-
faced devices. A 3D fibrous architecture of the substrate confor-
mally laminated on the skin allows for better mass transfer of
biofluids and airflow.[18,46] Additionally, with skin reaching per-
cent strains of 30% with varying percent strain around areas of
the body, having a stretchable yet robust fibrous structure with
comparable mechanical properties to skin will aid in long-term
device performance while providing compatibility, inhibiting is-
sues with sweat accumulation and skin irritation. Figure 3D,E
shows the SSA-CA fiber stretched state at 20% that the fibers
bundle together and align their selves in the direction of the load,
in contrast to fibers without the silicone core where micro tears
are visible after strain (Figure S4, Supporting Information). The
SSA-CA fiber structures are void of microcracks that could high-
light the CA sheath taking advantage of the stretchability from the
SSA core. The minimal polymer intermixing in the sheath and
fibrous architectures aid in enhancing tolerance to mechanical
distortion, especially stretching, without tear and surface crack
on a single fiber.
Literature has shown other forms of stretchable paper in com-

positematerials, such asworks byNoguchi et al. andWongvasana
et al. These works discuss the fabrication of a cellulose/rubber
composite nanofiber showing improved elongation at the break
of the composite.[47,48] The authors mentioned tradeoffs between
strength and ductility when polymers and elastomers are inter-
faced with each other. However, the tradeoff rule is unapplied
to their material compared to their cellulose-rubber nanofiber
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Figure 3. Mechanical properties of core-sheath structure. A) Stress-strain curve of SSA-CA fibers (red) compared to CA fibers (without elastomeric core)
(blue). B) The enlarged graph of the green dotted box of (A) demonstrate an improvement of percent strain from the addition of the SSA core in plastic
deformation region. C) Mechanical testing of a deacetylated fiber mat (black), a deacetylated fiber mat after 3-glycidyloxypropyl treated (blue), and a
deacetylated fiber mat after plasma treatment (red). D) Image of SSA-CA fibers at no strain (left) and 20% strain (right) (scale bar, 5 mm). E) SEM
images of SSA-CA fiber at 0% strain (left) and 20% strain (right) (Scale bar, 20 μm). F) SEM image of single bundle of fibers under 20% strain (Scale bar,
2 μm). G) Graph demonstrating change in resistance of a SSA-Cellulose fibermat coated with carbon paint while stretching. H) Graph showing change
in resistance under bending cycles at a bending radius of 4 mm. I) Graph showing conductivity with change in length of fiber mat upon stretching. J)
SEM Image of SSA-Cellulose fibermat with conductive paint showing area near fracture point with no visible microcracks after being stretched until break
(Scale bar, 2 μm).
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composite. Comparing this to our material, however, because
our fiber material is a core-sheath structure of solid polymer and
solid elastomer rather than a mixed polymer/elastomer compos-
ite, both core and sheath material retain their material charac-
teristics which for the elastomeric core does not hinder the duc-
tility, which can be seen with the mechanical properties of the
core-sheath fiber with and without the CA sheath material. Al-
though Noguchi et al. proposed that the cellulose nanofiber’s hy-
drophilic nature efficiently mixes with the rubber material’s hy-
drophobic properties, a core-sheath structure allows natural hy-
drophilic properties on the surface of the fiber.
Moreover, Zang et al. utilized graphene paper as a high-

performance supercapacitor by applying it to an elastomeric film
that was pre-strained 1.5 – 5 times its original dimension.[49]

Upon loading the graphene paper, the film was released, cre-
ating a crumpled graphene paper over the stretchable film. Al-
though the graphene paper and elastomer film create this layered
material with mismatching properties, the paper having ridges
and wrinkles from the release of the pre-strained film allows
for stretching cycles to occur with minimal changes in capaci-
tance. Creating these wrinkles in the graphene paper also allows
for better flexibility under bending cycles.[50] The layered crum-
pled graphene paper material exhibits flexibility attributed to the
wrinkles along the paper. However, its stretchability relies on
the elastomeric film layer underneath the crumpled paper, while
the core-sheath SSA-CA structure allows for only the cellulose
material to be exposed. This core-sheath configuration of elas-
tomer to paper sheath enables the formation of more complex
patterning techniques for bioelectronic devices. Other stretch-
able paper-based devices, such as those that utilize origami fold-
ing techniques,[8] have also become advantageous for textiles and
wearable electronics applications. However, with the 2D papers
formed and folded into complex structures using origami tech-
niques, flexibility, and conformability can be lost as the 3D ar-
chitectures for complex electronics. The SSA-CA fiber mat’s thin
nature becomes advantageous for future wearable technology, in
addition to stretchability, because of its ability to conform and be-
come flexible to different shapes and curvatures.
The biomechanics of the SSA-Cellulose fibermat with conduc-

tive paint and the resistivity during stretchingwas analyzed. Fiber
mats were plasma cleaned for one minute and spray coated with
a 3:1 ratio of deionized water and electric paint. The copper tape
was placed on the coated fiber mat to measure the change in re-
sistance as the strain was applied across the fiber mat. Figure 3G
demonstrates the spray coated SSA-cellulose fiber mat under-
going strain with the change in resistance displayed. After the
deionized water permeated through the fibermat, the carbon par-
ticles from the electric paint remained toward the surface of the
fiber mat post drying. With a paint layer of 459.98 ± 60.19 nm
over the fiber mat, the spray coated electric paint has negligible
effects on the biomechanics of the fiber mat with a thin coating
layer over the fibers (Figure S2G, Supporting Information). The
resistivity during increased strain remains unchanged until af-
ter plastic deformation, with a percent change in increased resis-
tance of 41%, which occurs at a percent strain of 4%. Figure 3H
shows the spray coated fiber mat undergoing bending cycles (n =
100) while measuring change in resistance with a 5.66% increase
in change of resistance. As mentioned earlier, most ridged de-
vices fail at a strain of 3%.With inexpensive fabrication steps and

materials, the designed fiber mat yields a slight increase in per-
cent strain with adequate change in resistance. Figure 3I shows
conductivity of the spray coated fiber mat along with elongation.
The measured conductivity shows a decrease from 27.67 to 2.57
mS cm−1, which shows low electrical conductivity compared to
other flowable electrodes with higher electrical conductivity; how-
ever, Figure 3J SEM image shows no visible signs of microcracks
of neighboring fibers upon break.

2.4. Stretchable Paper in Applications for Papertronics

The fabricated stretchable papers can serve as a substrate for
biointegrated bioelectronics, as demonstrated on regular filter pa-
pers and elastomeric polymer films. The 3D fibrous structured
stretchable nonwoven cellulose mat adapts manufacturing ap-
proaches, including ink and wax printing, bioactive molecule in-
oculation, and patterns with laser cutters.[51] To test a wide range
of engineering processability, we constructed a microbial fuel
cell (MFC) device that requires various processing techniques
and is representative of papertronic devices for bio-energy and
biosensing applications.[52,53] Before fabricating the individual
electrodes, the paper sheets were plasma treated for one minute
and then treated with 3G to loosen the paper fiber and increase
the hydrophilicity of the paper. The MFC was fabricated by stack-
ing the anode, membrane, and cathode in a sandwich struc-
ture (Figure 4A,B). The anode was engineered by immersing the
paper in the mixture of conductive polymer PEDOT: PSS and
dimethyl sulfoxide (DMSO) for 5 h and dried overnight at room
temperature. Then, Shewanella oneidensis, an electrogenic bacte-
ria demonstrating highmetabolic rate and power generation, was
inoculated into the 3D fibrous structure (Figure 4C).[54] Wax pen-
etration formed the proton exchange membrane (PEM) so that
themetabolically produced protons can be diffused to the cathode
while the electrons move externally along the circuit (Figure 4D).
Due to the cathode material having a low over-potential, the cath-
ode was prepared by introducing an Ag2O catalyst diluted in the
PEDOT: PSS solution (Figure 4E). Finally, the copper tape was
connected to the anode and cathode to analyze electronic char-
acteristics. The power outputs and polarization curves were ac-
quired from the stretchable paper-based MFCs by measuring the
voltage values at various external resistors and calculating the
corresponding electrical current density values (Figure 4F). The
MFC could generate up to ≈11 μW cm−2, within the range of
paper MFC standard performance. The stretchable paper-based
MFC device has comparable power outputs to stackable MFC de-
vices in the field. The SSA-Cellulose fibermats demonstrate re-
tention of paper-like characteristics such as: biocompatibility and
non-toxicity for creating an environment for inoculation of the
Shewanella oneidensis bacteria and hydrophilicity for the bacteria
to have proper fixation onto the fibers. Indeed, the stretchable
MFC highlights that the SSA-cellulose capable of adapting con-
ventional fabrication processes and universal approaches for cre-
ating papertronics.
With the work presented with the microbial fuel cell, other

works have utilized cellulose with other materials to generate
electricity or act as a conductive electrode. Ando et al. developed
a nanofiber stimulation electrode using chitosan nanofibers.
With their average fiber diameters ranging from 20–50 nm, the
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Figure 4. MFC Device using stretchable paper. A) Schematic and mechanism of paper-based MFC device. B) Image of MFC device assembly (scale bar,
2 mm). C) SEM image of Shewanella oneidensis bacteria (white arrow) and anode material over fibers (scale bar, 2 μm). D) SEM image of wax membrane
material over fibers (Scale bar, 5 μm). E) SEM image of cathode material over fibers (Scale bar, 4 μm). F) Power outputs and polarization curves of the
fabricated MFC on the stretchable paper demonstrating a max power output of 10.5 μW.

maximum strain measured until breakage was 6.1 ± 1.8, which
they mention is greater than most cellulose-based nanofiber
substrates.[55] With our stretchable paper, the maximum strain
before breakage occurs is 45% at a fiber diameter of 700 to
1200 nm. Additionally, the stretchable paper, in its deacetylated
state, has a maximum strain of 4–6% before breakage occurs,
comparable to the chitosan nanofibers’ mechanical properties.
The SSA-CA fibermat’s advantage over their chitosan nanofibers
is the larger fiber diameters, which create larger pore sizes that
correlate to the permeability and breathability of the worn de-
vice. Furthermore, when it comes to the change in resistance of
the stretchable paper compared to the chitosan nanofibers, both
show a similar change in resistance at 4–6% before breakage oc-
curs despite the stretchable paper being fully coated with conduc-
tive paint while chitosan nanofibers being patterned with carbon
nanotubes.
Electrospinning, a favorable technique for creating nanofibers,

is widely adopted due to its controllability in production of fibers
and low cost in fabrication.[56] Pairing the cost-effective fabrica-
tion technique with abundance of cellulose materials only fur-
thers the impact of creating inexpensive devices with affordable
materials with controlled stretchability. The ability to utilize elec-
trospinning to create stretchable fibers can have advantages in
creating fibermats of different dimensions and various fibermor-
phologies depending on the requirements of the material. With
preparation times of cellulose and silicone solutions being made
within hours for electrospinning, the complexity in the fabrica-
tion of an SSA-CA fiber mat becomes simple with the benefit of
creating several amounts of fiber mats on demand, making these

parameters and system setup up repeatable enough for scalable
manufacturing purposes for a variety of bioelectronic devices and
pharmaceutical materials.[57] When comparing the tunability of
stretchable paper via electrospinning to commercially available
papers such as Whatman paper, the applications of stretchable
paper can become advantageous for skin-interfaced bioelectron-
ics devices and conventional paper-based bioelectronics. In con-
trast, Whatman grade papers are limited to skin-based applica-
tions due to the inability to match the mechanical properties of
the skin.

3. Conclusion

In summary, we engineered a paper-based substrate with elastic
properties through coaxial nanofibers of a silicone elastomer core
and a cellulose-based polymer sheath. The individual fibers were
tuned the mechanical properties to become stretchable while re-
taining the chemical and physical characteristics of paper. This
approach of fabricating a stretchable paper demonstrates a flexi-
ble substrate for soft bioelectronics applications, mimicking the
mechanical structure of the epidermis while retaining the essen-
tial characteristics of cellulose-based materials to create inexpen-
sive electronics. The silicone elastomer-cellulose coaxial nanofi-
brous mats were demonstrated in an assembly build of an MFC
device and as a stretchable paper fluidic device. Both applica-
tions highlight the usability of this fiber mat for stretchable and
flexible bioelectronics and paper-based electronics. The SSA-CA
fiber mat was fabricated through systematic studies to provide
substantial evidence of a core-sheath structure of silicone and
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cellulose; however, limitations in substrate permeability posed an
issue when converting CA into cellulose II during the deacety-
lation process; soaking the fiber mat over 24 h in the sodium
hydroxide solution hinders the ease of thoroughly removing the
polymer from the pores.
Preliminary testing already shows the deacetylated fiber mat

to be capable of retaining wax patterns from crayons to cre-
ate a paperfluidic device, allowing fluid to flow within the de-
signed patterns (Figure S2H, Supporting Information); how-
ever, future work will explore other methods of deacetylation to
loosen fibers and increase permeability through probe tip son-
ication during deacetylation. Additionally, electrospinning ran-
domly aligned fibers will be compared to aligned fibers to inves-
tigate the effects of surface topography in relation to wettability
along with mechanical property changes. Moreover, a primary
focus will be to integrate inexpensive conductive electronics on
this nanofibrous substrate for biochemical on-skin sensing ap-
plications to further emphasize the capabilities and applications
of this paper-based stretchable substrate. The stretchable paper
holds significant potential, capable of bridging the gap between
papertronics and soft bioelectronics, to be realized as an advan-
tageous alternative to standard substrates for biointegrated bio-
electronics.

4. Experimental Section
Materials: Cellulose Acetate Powder (30 000 MW), Dimethyl sulfoxide

(DMSO), Dimethylformamide (DMF), Rhodamine B, Quinine Hemisul-
fate Salt Monohydrate, and Glycidoxypropyldimethoxymethylsilane were
purchased from Sigma Aldrich (Milwaukee, WI). Sylgard 184 silicone elas-
tomer kit (PDMS) was purchased from Ellsworth Adhesives (German-
town, WI). Liveo 7–9700 Soft Silicone Adhesive (SSA) Kit A and B were
gifted from DuPont (Midland, MI). Sodium Hydroxide Pellets, Acetone,
Trifluoracetic acid (TFA), Dimethylacetamide (DMA), and Ethanol were
purchased from VWR (Radnor, PA). Tetrahydrofuran (THF) was purchased
from Alfa Aesar (Ward Hill, MA). Circuit Drawing Kit with Conductive Ink
by Circuit Scribe was purchased fromAmazon (Conklin, NY). Electric Paint
was purchased from Bare Conductive and applied with the Master Air-
brush G233 Pro. PEDOT: PSS (Clevios PH1000) was purchased from Her-
aeus. The Shewanella species (MR-1) was acquired from the American
Type Culture Collection (ATCC).

Coaxial Electrospinning: Coaxial SSA-CA nanofibers were fabricated
through theMSK-NFES-3 benchtop electrospinning unit (Figure S1A, Sup-
porting Information). The CA solution and SSA solution were placed into
syringes (15.65 mL) and loaded into the electrospinning unit’s automatic
pump. 1.6 mm polypropylene female luer lock fittings were attached to
the syringes, and Polytetrafluoroethylene (PTFE) tubing (2 mm ID × 4mm
OD) was joined to the luer lock on one side, with the other placed into a
push to connect pneumatic straight fitting joint (M6 – 4 mm ID). To en-
sure encapsulation of the SSA elastomer via the CA polymer, the needles
chosen for the core and sheath solution were 21 gauge and 15 gauge, re-
spectively. The flow rate for the CA solution was set to 1.0 mL h−1 and
the SSA solution to 0.2 mL h−1. The coaxial electrospinning system was
designed vertically with a tip-to-collector distance of 12 cm and a voltage
of 9.2 kV to form the desired Taylor cone (Figure S1B, Supporting Infor-
mation). The collector plate was placed underneath the coaxial needle for
collection of the randomly aligned fibers; however, use of a rotating man-
drel can also be integrated into the electrospinning unit for controlled fiber
alignment. The stationary collector plate was fitted with aluminum foil to
collect the deposited fibers at room temperature (≈21.3 °C) at a process-
ing time of 30 min. Dupont’s SSA has a pot life of 130 min after mixing
both parts. The fiber mats were placed in an oven for 24 h at 100 °C to
expedite the curing process after fiber deposition. Systematic studies of a

suitable solvent system for CA were carried out in weight percent between
15 and 23 using three solvents: TFA, a 2:1 ratio of Acetone to DMA, and
an 85:15 ratio of acetone to DMF (Table S1, Supporting Information).

Similarly, the optimization of an elastomeric core solution for coaxial
electrospinning was explored using Dow’s Sylgard 184 silicone elastomer
kit forming PDMS and DuPont’s Liveo 7–9700 SSA kit. PDMS was used in
a base-to-curing ratio of 30:1 and 10:1 with an added 10% of THF to reduce
solution viscosity. The varying core solutions were investigated with the
three solvent systems at varying weight percent of the sheath solution.
DuPont’s SSA kit utilizes a 1:1 ratio of a two-part silicone system; the SSA
solution was studied with this ratio at different percentages of added THF
(0%, 10%, 20%) to monitor the effects of solution viscosity during coaxial
electrospinning (Table S3, Supporting Information).

Deacetylation of Nanofibers: Post curing, the fiber mats were cut into
squares and framed into a window using polyimide (PI) tape on both sides
of the fiber mat. The fiber mats were soaked in a 0.05 m solution of sodium
hydroxide and ethanol (NaOH/EtOH) and were water bath sonicated for
45min at 60 °C. Then, the fibermats we left in the solution for 24 h at 60 °C.
The fiber mat was removed from the NaOH/EtOH solution, thoroughly
rinsed with deionized water, and dried at room temperature overnight.

Characterization: Zeiss observed the SSA-CA fiber morphology using
the Supra 55 VP field emission scanning electron microscopy. Fiber diam-
eter was analyzed by measuring 250 measurements and porosity size was
analyzed with 100 measurements through ImageJ. The fiber cross-section
was done through freeze fracture by soaking the SSA-CA fiber mat in a
liquid nitrogen chamber for ten days, then splitting the fiber mat in half,
exposing the core encapsulated by the sheath. Confocal microscopy was
used as a secondary method to visualize the core-sheath structure of the
fiber through Zeiss’s 2-photon LSM 880 confocal microscope. Fluorescent
dyes added to the CA polymer solution and the SSA elastomer aided in vi-
sualizing the core-sheath structure of the SSA-CA fiber, noted by the blue
dye for the core and the red dye for the sheath of the CA sheath (Figure 2E).
The Alpha II FTIR Spectrometer analyzed the chemical structure of SSA-
CA by Bruker Optics Inc. Elemental peaks were observed using the Supra
55 VP energy dispersive spectroscope (EDS). The Veeco NT1100 Optical
Surface Profiler measured the surface roughness of the fiber mats before
and after deacetylation. Contact angle measurements were done on the
Theta Lite Optical Tensiometer by Biolin Scientific with angles measured
on a 4 μL drop of deionized water. Mechanical testing of 10 mm × 5 mm
SSA-CA fiber mats (n = 3) was performed on the ESM303 Mark 10 System
using a 25 N force gauge at a 0.5 mmmin−1 strain rate. Electronic perfor-
mance tests were performed with a digital multimeter (Keysight, 34460A)
to record the real-time resistance.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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