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Supplementary Figure 1. Photographs of the prepared GGs: (a) 1% cellulose, (b) (1/2)%
cellulose/PVDF, and (c) (0.5/5)% cellulose/PVDF.
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Supplementary Figure 2. Field-emission scanning electron microscopy (FE-SEM) images
of hydrogels: (a) 1% cellulose, (b) (1/2)% cellulose/PVVDF, and (c) (0.5/5)% cellulose/PVDF.
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Supplementary Figure 3. Surface potential distribution images (left) and their
corresponding distribution curves (right) of (a, b) (1/2)% cellulose/PVDF GG (c, d) and 1%
cellulose GG.
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Supplementary Figure 4. Piezoelectric output voltages and current densities of
cellulose/PVDF GGs with three different cellulose concentrations: (a) 0.5%, (b) 1%, and (c)
1.5%.
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Supplementary Figure 5. Mechanical—-electrical response characteristics of (1/2)%
cellulose/PVDF GG under different loads: (a) output voltage density and (b) output current
density measured with respect to time under various applied loads. (c) Output voltage and
current density as functions of the applied force, which ranged between 5 and 25 N owing to

machine limitations.
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Supplementary Figure 6. VVoltage output of (1/2)% cellulose/PVDF GG under a constant

force of 20 N with forward and reverse connections.
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Supplementary Figure 7. Dielectric properties of various cellulose/PVDF GGs as functions

of the log(frequency): (a) dielectric constant and (b) dielectric loss.
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Supplementary Figure 8. (a) Tensile stress—strain curves of the cellulose/PVDF GGs, (b)

corresponding Young’s moduli (left) and tensile strengths (right), and (c) work of extension.
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Supplementary Figure 9. (a) Compressive stress—strain curves of the cellulose/PVDF GGs

and (b) corresponding Young’s moduli (left) and compressive strengths at 88% strain (right).



100

95

85 |

Glycerol content (wt%)
[(e]
o

0 (1/0) (1/0.5) (1/1) (1/1.5) (1/2) (1/2.5) (1/3) (0.5/5)
(Cellulose/PVDF)

Supplementary Figure 10. Solvent contents of the cellulose/PVDF GGs.
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Supplementary Figure 11. Tensile loading—unloading curves of the (1/2)% cellulose/PVDF
GG after different waiting times.
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Supplementary Figure 12. (a) Young’s moduli (left) and tensile strengths (right) and (b)
work of extension of the (1/2)% cellulose/PVDF GG before and after 7 d of exposure to air at
—20, 25, and 80 °C.
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Supplementary Figure 13. Piezoelectric output voltages and current densities of the (1/2)%
cellulose/PVDF GG subjected to finger-tapping loads before and after 7 d of exposure to air
at —20, 25, and 80 °C.
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Supplementary Figure 14. Output current densities of the (1/2)% cellulose/PVDF GG (a)
before and (b—d) after 7 d of exposure to air at (b) —20, (c¢) 25, and (d) 80 °C (measured with
respect to time under finger-tapping loads).
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Supplementary Figure 15. (a) Glycerol content, (b) output voltage density, and (c) tensile
stress—strain curves of ~2-mm-thick PVA/PVDF GGs with various polymer compositions.



Supplementary Table 1. Preparation of cellulose/PVDF solutions for GG synthesis.

Sample Cellulose PVDF (g) DMAC/LICI (92/8) (w/w)
(9) solution (g)

1% Cellulose 0.5 0 495

(1.0/0.5)% 0.5 0.25 49.25

Cellulose/PVDF

(1.0/1.0)% 0.5 0.5 49

Cellulose/PVDF

(1.0/1.5)% 0.5 0.75 48.75

Cellulose/PVDF

(1.0/2.0)% 0.5 1.0 48.5

Cellulose/PVDF

(1.0/2.5)% 0.5 1.25 48.25

Cellulose/PVDF

(1.0/3.0)% 0.5 1.5 48

Cellulose/PVDF

(0.5/1.0)% 0.25 0.5 49.25

Cellulose/PVDF

(0.5/1.5)% 0.25 0.75 49

Cellulose/PVDF

(0.5/2.0)% 0.25 1.0 48.75

Cellulose/PVDF

(0.5/2.5)% 0.25 1.25 48.5

Cellulose/PVDF

(0.5/5.0)% 0.25 25 47.25

Cellulose/PVDF

(1.5/1.0)% 0.75 0.5 48.75



Cellulose/PVDF

(1.5/1.5)% 0.75 0.75 48.5
Cellulose/PVDF

(1.5/2.0)% 0.75 1.0 48.25
Cellulose/PVDF

(1.5/2.5)% 0.75 1.25 48
Cellulose/PVDF

Supplementary Table 2. Piezoelectric response, tensile modulus, and working temperature
of the proposed gel and similar existing gels.

Gel Gel type  Output voltage Tensile Working Referenc
modulus  temperatur e

(MPa) e range

()

PAAM/PVDF Hydrogel 2 mV cm™ Nodata  No data (511
PAAM/PANI Hydrogel 47 mV Nodata  No data [52]
PAAM/PVDF- Hydrogel 22.5mV cm™ Nodata  No data [S3]
HFP/LITFSI/PC
PAN/PVDF Hydrogel 30 mV 4.24 No data [S4]
PHEMA/GO Hydrogel  15.24 0.253 No data 5]
PVA/PVDF/Ag Hydrogel 360 mV 0.703 No data [s6]
nanowires
CHACC/PEDOT:PSS/P  Hydrogel 100 mV 0.2 No data [57]
VDF-TrFE
Cellulose/PVDF Glyceroge 363.33+13.32mV 1042+ -20to80 Present

I (86.06 =6 mV 1.47 study

cm?)

PAAmM: poly(acryl amide)
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PVDF: poly(vinylidene fluoride)

PANI: polyaniline

PVDF-HFP: poly(vinylidene fluoride-co-hexafluoropropylene)
LiTFSI: lithium bis(trifluoromethanesulfonyl) imide

PC: propylene carbonate

PAN: polyacrylonitrile

PHEMA: poly(2-hydroxyethyl methacrylate)

GO: graphene oxide

PVA: poly(vinyl alcohol)

CHACC: cross-linked chitosan quaternary ammonium salt
PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PVDF-TrFE: poly(vinylidene fluoride-co-trifluoroethylene)

Supplementary Movie 1. Piezoelectric output voltage of the (1/2)% cellulose/PVDF GG
after incubation at —20 °C for 7 d.

Supplementary Movie 2. Piezoelectric output voltage of the (1/2)% cellulose/PVDF GG
after incubation at 25 <C for 7 d.

Supplementary Movie 3. Piezoelectric output voltage of the (1/2)% cellulose/PVDF GG
after incubation at 80 <C for 7 d.

11



Measurement and characterization procedures
Solvent content measurements
The glycerol contents of the gels were determined by calculating the difference between their
initial and dried weights (Wo and Wq, respectively). After its Wo value was recorded, each gel
was immersed in water for 1 d at 25 <T to replace glycerol with water. Water was changed
several times to ensure that glycerol was completely substituted in the gel network. The
resulting gel was completely dried at 120 <C for 1 d, and the Wq value was recorded. The
solvent content was calculated using Eq. (S1).

Wo—Wyq

Solvent content (wt%) = % 100%. (S1)

0

Mechanical characterization

Tensile tests: For the tensile fracture and tensile loading—unloading tests, ~2-mm-thick gel
samples were cut into rectangular shapes with lengths and widths of ~30 and ~3 mm,
respectively. These specimens were clamped along the longitudinal direction in a tensile
testing machine with a distance of ~10 mm between the two clamps. Tests were conducted by
moving the upper clamp, which was connected to a 10 kgf load cell, upward. Tensile fracture
and loading—unloading tests were performed at deformation rates of 500% min' (0.083 s™})
and 100% min~! (0.017 s™!), respectively. Prior to the tests, the rectangular specimens were
placed in temperature-controlled chambers for 7 d to evaluate their extremotolerant
mechanical properties. Subsequently, the samples were removed from the chambers and
immediately mounted on a tensile testing machine. Each type of gel was tested three times
under each set of conditions. The tensile stress—strain curves were linearly fit over a strain
range of 0.5%—-1.0% to determine Young’s moduli. All data are presented as mean values
with standard deviations.

Compression tests: Disk-shaped samples (diameter = 6 mm, thickness = ~2 mm) were
subjected to compression tests. Each specimen was placed between two parallel steel plates,
and the upper plate—which was connected to a 100 kgf load cell—was moved downward to
apply a compressive load. Gels with different PVDF compositions were tested at a
deformation rate of 20% min~! (0.0033 s™!), and their extremotolerant mechanical properties
were assessed at a deformation rate of 500% min~' (0.083 s™!). Compressive loading—
unloading tests were performed at a deformation rate of ~830% min™! (0.277 mm s™!), which

corresponded to the tapping speed in the piezoelectric output response tests. Each gel type
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was tested three times under each set of conditions. The compressive stress—strain curves
were linearly fit over a strain range of 0%—10% to obtain Young’s moduli. All data are

presented as mean values with standard deviations.

Dielectric property characterization

The dielectric constants and dielectric losses of the gels were calculated using EIS data [S8].
The gel specimens (length xwidth ><thickness: 20 mm %20 mm %<2 mm) were sandwiched
between two parallel stainless-steel electrodes and connected to a potentiogalvanostat in a
two-electrode configuration. EIS was performed in the frequency range of 100-10° Hz at an
amplitude (Vrms) of 10 mV. The dielectric constant (¢') and dielectric loss (tan o) were

calculated from complex impedance data using Eqgs. (S3) and (S5):

o = 2nf, (S2)
SR =
T (s
tan & = Z—,,,, (S5)

where f (Hz) is the applied frequency, w is the angular frequency, t (m) is the specimen
thickness, A (m?) is the cross-sectional surface area of the electrodes, o is the permittivity of
free space (8.854 <1072 C2N ' m2), z' (Q) is the real part of the impedance, and z>’> (Q) is

the imaginary part of the impedance.
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