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Supplementary Notes, Tables and Figures

Supplementary Note 1. Wettability-based strategy.

It is well known that NIPAM molecules, which contain hydrophilic amide groups and
hydrophobic isopropyl groups, exhibit hydrophilic properties during low temperature
polymerization. We utilized the introduction of hydrophobic Ag flakes to form the
gradient pore structure during the polymerization of PNIPAM hydrogels. The self-
gravity of the hydrophobic Ag flakes led to its rapid precipitation at the bottom of the
precursor solution, which made it easier for the hydrophilic NIPAM molecules to
aggregate at the top side of the hydrogel. It is worth noting that, although the
hydrophobicity of the silver flakes leads to the difference in hydrophilicity within the
precursor solution, no significant difference in hydrophilicity is reflected on the top
and bottom surfaces of the resultant hydrogels. As shown in Movie S1 and Fig. S1,
the top and bottom surfaces of the hydrogels with different Ag contents (0.2, 0.3 and
0.4 g) all showed the same superhydrophilicity. This can be explained in two ways:
(1) Although Ag flakes were deposited to the bottom of hydrogel, the silver flakes
were only within the hydrogel, not exposed to the surface of the hydrogel.

(2) The Ag contents discussed in this paper are low concentrations relative to the
NIPAM content, so it is not sufficient to completely break the strong hydrogen bonds
between NIPAM molecules and water molecules, resulting in a substantial shift in

hydrophilicity on the hydrogel surface.



Supplementary Note 2. Octopus-tentacle inspired hydrogel.

Nature has always been our inspiration source of new materials development.
Bioinspired materials are synthetic materials whose structure, properties or functions
resemble those of natural materials or living matter. In this paper, we were inspired by

octopus-tentacle for the development of Ag-PNIPAM gradient hydrogel.

As we know, the octopus is a soft animal with eight tentacles. The tentacles can have
a unique Janus structure, change between transparent and non-transparent, and even
be flexibly bent. In this paper, the following three aspects of our gradient hydrogel
came from the inspiration of octopus-tentacle:

(1) The hydrogel exhibits Janus surface structure, similar to the shape of octopus-
tentacle. (Shape or structure inspiration)

(2) The hydrogel can change between transparent and non-transparent by volume
phase transition under temperature stimulation. (Property inspiration)

(3) The hydrogel can undergo ultrafast and flexible bending behaviors through the

absorption and release of water under temperature stimulation. (Function inspiration)

Therefore, inspired by octopus-tentacle, our gradient hydrogel resembles octopus-
tentacle from Janus surface structure, transparent/non-transparent property and

bending function, which is a representative bioinspired material.



Table S1. Summarization for the bending speed and bending amplitude of hydrogel

actuators.
Material  Structure Bending Bent-ilng Stlmu.le-ltlon Sample size Ref
speed amplitude conditions (mm?)
PNIPAM/
XLG/ Gradient 9.8°/s 206° 50 °C water 25 x5 x1 [1]
HEA
PNIPAM ) R R R
XLG Gradient 2.38%/s 57.2 50 °C water 25 x5 x 1 [2]
PNIPAM/ ) o o NIR 808 nm
GO Gradient 7.5°s 360 2 W o2 20 x 2 x 1 [3]
PNIPAM/ ) o R R
TCNC Gradient 9.6°/s 360 40 °C water — [4]
PNIPAM . R R R
IMMT Gradient 28.8°/s 259 50 °C water 50 x 10 x 1 [5]
PNIPAM
GO / Bilayer 27.7°/s 443 4° 55°Cwater 30x10x1 [6]
PNIPAM/ . R R R
XLG/NEC Bilayer 9°/s 180 50 °C water 65 x 7 x 2 [7]
PNIPAM/
IR
XLG/ Bilayer 3°/s 90° I:)Ig Viofg? S 8]
M002 '
PNIPAM/
P(AAc- Bilayer 6.36°/s 350° 40 °C oil 20 x5x2 [9]
co-AAm)
PNIPAM/
PAAM- Bilayer 6.1°/s 305° 45 °C water — [10]
PTCA
PNIPAM/ Gradient ~ 52.3°/s 559° 50 °C water 40 x 10 x 1 This
Ag work

Notes: The data in the tables are converted by the formula (Fig. S16). However, the
comparison is only rough because these hydrogels have different sample sizes and
stimulation conditions.



Table S2. Comparison of the main conductive parameters of Ag-PNIPAM hydrogel
and conductive hydrogel strain sensors in previous mainstream work.

Material Strain Gauge Linear or  Conductive Ref
(%) Factor Nonlinear mechanism
PAA/NCT 500 2.69 Linear lome [11]
conduction
TA@HAP . Ionic
2.84 L . 12
NWs/PVA(W/EG) 350 8 tmeat conduction [12]
0-120 1.76
. Ionic
Ca-GG/PAAmM-ZP 120-250 3.6 Nonlinear ) [13]
conduction
250-500 4.68
0-125 2.22
. Ionic
PSBMA/CNTs 125-225 5.14 Nonlinear ) [14]
conduction
225-300 10.35
PVA/GEL/EG O-199 1 80 Toni
: onic
ITAGCNC 100-250 2.64 Nonlinear conduction [15]
250-400 4.23
HF(PVA-C/P) 400 2.1 Linear ~ Lloctromic 00
conduction
MWCNTs-PDMS 160 3.77 Linear ~ Lloctromic o,
conduction
AAmM/HEMA/MX -0 >3 Electroni
" 60-100 372 Nonlinear eetromic ¢
/AgNPs conduction
100-120 4.08
0-70 0.94 i
PVA/G/PDA/AgNPs Nonlinear ~ 1ecome g,
70-315 0.13 conduction
100-300 2.32 i
MWCNT/PVA/PAAM Nonlinear ~ Licctromic o,
300-500 4.02 conduction
PNIPAM/Ag 500 14.66 Lincar ~ Cicctronic  This
conduction  work




Table S3. Summarization for the gripping time and the releasing time of hydrogel
gripper.

Gripping Releasing Gripping Releasing

Material Structure k . . . Ref
time time conditions conditions
PNIPAM : 40 °C 25°C
ITCNC Gradient 18 s 104 s water water [4]
PNIPAM : 50 °C 20 °C
IMMT Gradient 9s 568 s water water [5]
PNIPAM/ ) 45 °C 45 °C
PDA-EGaln Gradient 18s 24s water water [21]
NaSS-co- o dient 55 min 10min  DIwater 2MNaCl [22]
DMAEA-Q W
PNIPAM/
° Ice-col
P(AAc-co- Bilayer 5 min 4 min h(fto lgte cel;:t(; d [9]
AAm) P P
PNIPAAmM/
[e] 2 [e]
PNIPAAm- Bilayer 30s 180s 35°C >°C [23]
water water
SP
PNIPAM/ . 45 °C 15 °C
PDMAEMA Bilayer 15 30 water water [24]
3+
NMAM Bilayer 5 min 3 min Fe” Air [25]
solution
PNIPAM/Ag  Gradient 8 s s S0°C 20°C This
water water work

Notes: The comparison is only rough because these hydrogels have different sample
sizes and stimulation conditions.
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Fig. S1. The water contact angles of Ag-PNIPAM hydrogel. The top side of (a) Ago.»-
PNIPAM, (b) Agy;-PNIPAM, (c) Ago4-PNIPAM. The bottom side of (d) Agg,-

PNIPAM, (e) Agos-PNIPAM, (f) Agy4-PNIPAM.
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Fig. S2. Distribution of Ag content in Ag-PNIPAM hydrogel.
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Fig. S3. FTIR spectra of pure PNIPAM and Ag-PNIPAM hydrogel.
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Fig. S4. Bacteriostatic effect of hydrogels. Antibacterial performance of Ag-PNINAM
hydrogel against (a) E. coli and (b) S. Aureus; I. Pure PNIPAM; II. The bottom side
of Ag-PNIPAM; III. The top side of Ag-PNIPAM. (c¢) Comparison of bacterial
suspensions before and after putting in hydrogel. 1. Bacterial suspension of E. coli, II.
Bacterial suspension of E. coli after adding Ag-PNIPAM hydrogel, III. Bacterial
suspension of S. aureus, IV. Bacterial suspension of S. aureus after adding Ag-

PNIPAM hydrogel. (d) The bactericidal ratio of the Ag-PNIPAM hydrogels to E. coli
and S. aureus.
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Fig. S5. Bending behavior of Ag nanoparticles hydrogels. Ag nanoparticle hydrogel
(a) in water at 50 °C, (b) in water at 20 °C.
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3 mm

Fig. S6. Hydrogels of octopus-like tentacle surfaces. Ag-PNIPAM hydrogel (a) top
and (b) bottom surfaces at 50 °C. (c) Octopus-tentacle.
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Fig. S7. Bending behavior of hydrogels with different Ag content. The bending
behavior of (a) Ag,-PNIPAM and (b) Agy4-PNIPAM hydrogel with a thickness of 1
mm in water at 50 °C. The bending behavior of (c) Agy,-PNIPAM and (d) Ago4-
PNIPAM hydrogel with a thickness of 1 mm in water at 20 °C.
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Fig. S8. SEM of hydrogels with different Ag content. SEM of freeze-dried (a) Agg,-
PNIPAM, (b) Agy3;-PNIPAM and (c¢) Ago4-PNIPAM hydrogel with large-ranged
gradient structure along the direction of gravity. Among them, the yellow and white
lines roughly delineate the distribution of larger pore sizes and Ag flakes, respectively.
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Fig. S9. Bending angle of hydrogels with different thicknesses. Effect of thickness of
Ago3-PNIPAM hydrogels on bending response in water at (a) 50 °C and (b) 20 °C.
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Fig. S10. Bending behavior of hydrogels with different thicknesses. The bending
behavior of Ag;-PNIPAM hydrogel with a thickness of (a) 2 mm and (b) 3 mm in
water at 50 °C. The bending behavior of Ag,3;-PNIPAM hydrogel with a thickness of
(c) 2 mm and (d) 3 mm in water at 20 °C.
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Fig. S11. Comparison of Gauge factor and strain of hydrogels. Comparison of gauge
factor within the strain of 500% of some typical reported strain sensors (see details in

Table S2).
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Fig. S12. Ag nanoparticles hydrogel resistance during heating process. Resistance
changes of Ag nanoparticles hydrogels in water at 50 °C and (inset) conductivity at 0

min and 3 min with 3 samples.
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Fig. S13. Hydrogel resistance during dehydration process. Resistance changes of
Ago3-PNIPAM hydrogels at room temperature drying conditions and (inset)
conductivity at 0 h and 3 h with 3 samples.
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Fig. S14. Mechanical response of hydrogels under thermal stimulation. Brightness
changes of LED in the undeformed, stretched and folded states of Ag,;-PNIPAM

hydrogels in 50 °C water.
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Fig. S15. Hydrogel resistance during heating process at different temperatures.
Resistance changes of Ag3;-PNIPAM hydrogels in water at 20 °C, 30 °C and 40 °C,
respectively.
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Fig. S16. Conversion of different hydrogel actuators angle definition. Since bending
angles are defined differently in different researches, the following three main ways
of defining bending angles are listed (a-c) and unified (d) in order to facilitate
comparison with other researches. It is easy to know: 0, = 26, = 05.
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