
https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A080bd665-5b59-49eb-aab6-6033f4f17216&url=https%3A%2F%2Fcontent.knowledgehub.wiley.com%2Fnanoelectronics-and-its-new-materials-a-new-era-of-nanoscience%2F&pubDoi=10.1002/adfm.202304634&viewOrigin=offlinePdf


RESEARCH ARTICLE
www.afm-journal.de

Mimosa-Inspired High-Sensitive and Multi-Responsive
Starch Actuators

Hao Hu, Mingzhe Nie, Massimiliano Galluzzi, Xuefeng Yu, and Xuemin Du*

Artificial intelligent actuators are extensively explored for emerging
applications such as soft robots, human-machine interfaces, and biomedical
devices. However, intelligent actuating systems based on synthesized
polymers suffer from challenges in renewability, sustainability, and safety,
while natural polymer-based actuators show limited capabilities and
performances due to the presence of abundant hydrogen-bond lockers. Here
this study reports a new hydrogen bond-mediated strategy to develop
mimosa-inspired starch actuators (SA). By harnessing the unique features of
gelatinization and abundant hydrogen bonds, these SA enable high-sensitivity
and multi-responsive actuation in various scenarios. The non-gelatinized SA
can be irreversibly programmed into diverse shapes, such as artificial flowers,
bowl shapes, and helix structures, using near-infrared light. Furthermore, the
gelatinized SA exhibit reversibly multi-responsive actuation when exposed to
low humidity (10.2%), low temperature (37 °C), or low-energy light
(0.42 W cm−2). More importantly, the SA demonstrate robust applications in
smart living, including artificial mimosa, intelligent lampshade, and morphing
food. By overcoming the hydrogen-bond lockers inherent in natural polymers,
SA open new avenues for next-generation recyclable materials and actuators,
bringing them closer to practical applications.

1. Introduction

Artificial intelligent actuators that can change their shapes, col-
ors, and/or generate motions in response to external stim-
uli are flourishing for their potential to revolutionize soft
robots, human-machine interfaces, biomedical devices, and so
on.[1–5] These intelligent actuating systems are usually fabri-
cated with synthesized polymers such as stimuli-responsive
hydrogels,[6–9] shape-memory polymers,[10–13] and liquid crystal
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elastomers,[14–16] by taking advantage of
diverse mechanisms including anisotropic
swelling, irreversible/reversible cova-
lent bonds, and crystalline transitions.
Such synthesized polymer components
impart fascinating actuation including
controllable shape morphing, multimode
motions, and sensing the changing envi-
ronment via naked-eye color shift upon
exposure to various stimuli including
light,[17–22] thermal,[23,24] humidity,[25–29]

chemicals,[30–32] electric, and magnetic
fields.[33–35] However, these polymer-based
actuators suffer from challenges in renewa-
bility, sustainability, and safety, especially
applied in robotic, biomedical, food, and
home furnishing domains.[2,3,36]

In nature, various biological systems can
dynamically change their shapes, colors,
and motions to adapt to a complex envi-
ronment. For example, mimosa can rapidly
close their leaves in response to danger-
ous stimuli including sunlight, humidity, or
touch.[9,37,38] These intelligent actuation be-
haviors are strongly related to their respon-
sive tissues formed by natural materials,

which can absorb/dehydrate water upon exposure to these stim-
uli. Hence, one of the ultimate goals of artificial intelligent actu-
ators is to use natural materials to achieve living organism-like
multi-responsive actuating capability.[2,9,39] To mimic the natu-
ral biological system behaviors, several natural polymers have
been developed into various actuators, however, their actuation
behaviors are limited to mono-responsive capability and sim-
ple performances.[40–42] As one of the most promising natu-
ral materials, starch has been widely used in food, biomedi-
cal, and industrial fields not only because of its affordability, re-
newability, biocompatibility, and biodegradability, but also ow-
ing to its unique gelatinization feature (i.e., heat-induced disin-
tegration of starch granules in water) resulted from the abun-
dant intermolecular and intramolecular hydrogen bonds.[43–49]

Paradoxically, these abundant and strong hydrogen bonds en-
dow starch with the above distinctive properties impossible in
both synthesized and other natural polymers, however, the in-
herent flexibility in imparting actuation behaviors through me-
diating hydrogen bonds is thus compromised.[50] Current strate-
gies for mediating the inherent hydrogen bonds in starch rely
on chemical modifications or introducing synthesized polymers,
both of which would inevitably cause deterioration in recycla-
bility, biocompatibility, and biodegradability, thus making them
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challenging for practical applications.[51,52] Despite the above sig-
nificant progress, developing multi-responsive starch actuators
via mediating its intrinsic hydrogen bonds remains a major chal-
lenge and unexplored.

Here, we report an innovative hydrogen bond-mediated strat-
egy for developing mimosa-inspired multi-responsive starch ac-
tuators (SA), which consist of three components (Figure 1A, B):
1) starch owing to its unique heat-induced gelatinization feature
(Figures S1 and S2, Supporting Information); 2) sodium alginate
for its natural source and similar molecule structures; 3) micro-
sized liquid metal particles (LMPs) owing to its excellent pho-
tothermal behaviors.[53,54] Such rational design imparts unprece-
dented irreversible-to-reversible actuating capability for one SA
system (Figure 1C–F). We demonstrate that the non-gelatinized
SA can be irreversibly programmed into diverse Gaussian curva-
tures (e.g., artificial flower, bowl shape, short-side rolling, long-
side rolling, and helix structures) by 808-nm near-infrared (NIR)
light owing to the photothermal-induced unlocking of hydrogen
bonds (partial gelatinization of SA). Furthermore, we also show
that the gelatinized SA exhibit reversibly multi-responsive actuat-
ing capability owing to the reversibility of the locking/unlocking
hydrogen bonds upon exposure to ultralow relative humidity
(≈10.2%), near human body temperature (≈37 °C), or low-energy
NIR irradiation (0.42 W cm−2), and it can last for 1000 cy-
cles without noticeable fatigue. More importantly, we further
extend the SA to smart living, ranging from artificial mimosa
to intelligent lampshade with superior environmental sensing
functions, to 2D-to-3D morphing food. The SA overcome the
hydrogen-bond lockers inherent in natural polymers and would
open new avenues for the next-generation recyclable materi-
als and actuators, bringing them one step close to practical
applications.

2. Results

2.1. Fabrication of SA

We adopted a facile casting method to prepare two typical SA
(i.e., non-gelatinized SA, and gelatinized SA, see Methods).
To fabricate the non-gelatinized SA, we first prepared a well-
dispersed composite precursor of raw starch granules, sodium
alginate, and pre-synthesized LMPs, followed by filling the pre-
cursor into a home-made device, and then a complete solidi-
fication (Figure S3A, Supporting Information). After immers-
ing into 0.1 m calcium chloride solution for 2 min, the Ca2+-
crosslinked composite film can be easily and completely peeled
off from the device, which shows excellent integrity compared
to the format without adding sodium alginate as shown by op-
tical images (Figure S3B, Supporting Information). Scanning
electron microscopy (SEM) image evidenced the uniform disper-
sion of starch granules within the loose network of physically
crosslinked sodium alginate, which is ascribed to the high misci-
bility of starch with sodium alginate (Figure 1C, Figure S3C, Sup-
porting Information). In addition, energy-dispersive X-ray spec-
troscopy (EDS) images show a well dispersion of LMPs within
the composite film owing to the strong interactions between
the LMPs and abundant hydroxyl groups (OH) in the polymer
chains.[55]

Different from the preparation process of the former non-
gelatinized SA, the gelatinized SA were prepared by casting the
well-dispersed precursor of pre-gelatinized starch, sodium algi-
nate, and LMPs into the homemade device (Figure S4A, Sup-
porting Information). After drying for 12 h at room tempera-
ture, the composite film was facilely peeled off from the device,
which exhibits high flexibility and uniformity as shown by opti-
cal, SEM, and EDS images (Figure 1E, Figure S4B,C, Supporting
Information). Notably, the cross-section morphology of the com-
posite film indicates that the gelatinized starch and sodium algi-
nate form a tightly interconnected network, which is attributed
to the existence of massive hydrogen-bond interactions from the
gelatinized starch chains and sodium alginate chains. Such non-
gelatinized and gelatinized status of starch in the composite films
would impart two unprecedented actuation behaviors in one sys-
tem.

2.2. Programmed Shape Morphing of the Non-Gelatinized SA

We then evaluated the photothermal-induced programmable
shape morphing of the non-gelatinized SA. Upon exposure to
NIR light, the embedded LMPs rapidly absorb NIR light and
convert it into spatial temperature rise above the gelatinization
temperature, which results in the gelatinization of the raw starch
granules at the irradiated area (Figure 2A, Figure S5, Supporting
Information).[43] Such photothermal-induced partial gelatiniza-
tion of starch can be evidenced by SEM images. As shown in
Figure 2B, the starch granules remain integrated structures
before NIR irradiation, while the granules are disintegrated
into porous structures after NIR irradiation. Notably, the NIR
irradiation induces a gelatinization gradient across the thickness
of the SA film, in which the top surface shows porous structures,
whereas the bottom surface exhibits integrate starch granules.
This photothermal-induced gelatinization gradient of starch can
be further verified by Young’s modulus mapping (Figure 2C).
Before NIR irradiation, Young’s modulus for the top surface
(19.44 ± 2.23 MPa) is slightly higher than that of the bottom sur-
face (6.45 ± 1.11 MPa) owing to the crosslinking gradient across
the film thickness (Figure S6, Supporting Information).[40,41]

After NIR irradiation, Young’s modulus for the top surface
sharply decreases (0.96 ± 0.25 MPa), whereas Young’s modulus
for the bottom surface remains unchanged (6.76 ± 1.60 MPa).
Such photothermal-induced gelatinization gradient leads to
swelling difference across the thickness of SA film that in-
troduces out-of-plane stress and herein bending against the
light direction, and the bending angle can be tuned by the film
thickness, irradiation time, LMPs concentration/distribution,
or the irradiation area (Figures S7–S9, Supporting
Information).

We next revealed the mechanism of the photothermal-induced
gelatinization of starch at the molecular level. As schemed in
Figure 2D, the NIR irradiation causes the disintegration of the
crystalline phase into an amorphous phase in the raw starch
granules, which is ascribed to the photothermal-induced irre-
versible breakdown of the intermolecular and intramolecular hy-
drogen bonds in the starch chains, thus releasing large amount
-OH groups. These unlocked -OH groups form new hydrogen
bonds with water molecules in the environment, thus leading to
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Figure 1. Fabrication and principle of the SA system. A) Photograph of potato starch and schematic illustration of starch granule structure together with
its structure transitions during thermal-induced gelatinization. B) Schematic diagram of the SA compositions. C) Photograph of the non-gelatinized
SA film, SEM image of the surface morphology, and EDS mapping of the embedded Ga-In LMPs in the film. D) Schematic illustration of light-induced
irreversibly partial gelatinization of the non-gelatinized SA, and photograph of a crab with light-induced waving claw in water (430-μm thickness, 4.8 W
cm−2). E) Photograph of the gelatinized SA film, SEM image of the surface morphology, and EDS mapping of the embedded Ga-In LMPs in the film. F)
Schematic illustration of light-responsive gelatinized SA, and photograph of an artificial flower with reversibly light-responsive actuation in air (26-μm
thickness, 0.24 W cm−2).
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Figure 2. Programmed shape-morphing mechanism and behaviors. A) Photograph of light-induced shape morphing of the non-gelatinized SA film
underwater. B) SEM images of the cross-section morphology of the non-gelatinized SA film (430-μm thickness) before and after NIR irradiation
(4.8 W cm−2) for 10 s. C) Young’s modulus mapping (top and bottom surface) for the non-gelatinized SA film after NIR irradiation (4.8 W cm−2) for 10
s. D) Schematic illustration of the shape-morphing mechanism. E) 2D-WAXD patterns of the non-gelatinized SA film before and after NIR irradiation.
F) 1D-WAXD profiles of the non-gelatinized SA film before and after NIR irradiation. G) NIR irradiation-dependent FTIR spectra for the non-gelatinized
SA film (irradiation time from 0 to 60 s). H) Light-induced programmable folding of an artificial flower via illuminating below every petal (4.8 W cm−2,
430-μm thickness). I) Light-induced controllable shape morphing of a planar ring (4.8 W cm−2, 430-μm thickness) via illuminating above (sites 1 and 2)
and below (sites 3 and 4), respectively.
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local swelling at the irradiated area and herein bending of the
SA film owing to the gelatinization gradient across the thick-
ness. Such NIR irradiation-induced structure transitions of the
raw starch granules can be evidenced by 2D wide-angle X-ray
diffraction (2D-WAXD) analysis. As shown in Figure 2E, the 2D-
WAXD patterns show obvious inner-to-outer diffraction rings be-
fore NIR irradiation, indicating the crystalline phase in the raw
starch granules. After NIR irradiation, the diffraction rings be-
come weaker, and some diffraction rings even diminish, sug-
gesting the disintegration of the crystalline phase in the starch
granules. The variations of characteristic diffraction peaks can be
further evidenced by the 1D-WAXD intensity profiles. Figure 2F
shows that the characteristic diffraction peaks are observed at
2𝜃 of 5.6, 15.0, 17.3, 19.6, and 22.4° in the non-gelatinized SA
before NIR irradiation, respectively. After NIR irradiation, these
characteristic diffraction peaks decrease or even disappear, sug-
gesting transitions of the crystalline phase into the amorphous
phase.[56] These photothermal-induced phase transitions are as-
cribed to the irreversible breakdown of the intermolecular and
intramolecular hydrogen bonds, which can be clarified by at-
tenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectra. Figure 2G shows that the -OH bending vibration absorp-
tion peak at 1639 cm−1 and stretching vibration absorption peak
at 3423 cm−1 increase and redshift with increasing the NIR ir-
radiation time. These results can be ascribed to the increase of
liberation of -OH groups on the starch chains and the formation
of new hydrogen-bond networks with water molecules.[57] Such
results suggest the intrinsic hydrogen bonds in starch and its ir-
reversible gelatinization can be facilely mediated by NIR irradia-
tion.

Based on the above unique feature of starch, we can achieve
controllable and complex shape morphing. As shown in Figure
S10, Supporting Information, a planar round film can transform
into a bowl structure via irradiation at the center of the film.
By increasing the irradiation area or introducing irradiation pat-
terns, planar SA films can be easily programmed into various
Gaussian curvatures by a laser beam. As shown in Figure S11,
Supporting Information, specific gelatinized patterns (i.e., well-
aligned line arrays at angles of 0°, 45°, and 90°) can be facilely
written into the non-gelatinized SA, thus imparting diverse and
controllable shape morphing, including short-side rolling, long-
side rolling, and helix structures. Furthermore, artificial flowers,
fingers, limbs, and box exhibit precisely programmable shape
morphing upon exposure to a step-by-step NIR irradiation in the
same direction (Figure 2H, Figure S12, Supporting Information).
It is worth noting that a planar ring film can be programmed
into a complex curvature by a step-by-step NIR irradiation at both
the top and bottom directions (Figure 2I). Such photothermal-
induced partial gelatinization of starch increases local swelling
behaviors, and allows us to edit the starch morphing by light
facilely.

2.3. Multi-Responsive Actuation of the Gelatinized SA

Aside from the irreversible shape morphing of the non-
gelatinized SA, we further investigate the multi-responsive actu-
ation of the completely gelatinized SA. When a gelatinized film
was placed on a low-moist filter paper, the film rapidly bends

against the moist source in seconds owing to the non-uniform
water absorption and thus different swelling between the ex-
posed and non-exposed sides (Figure 3A, Supporting Informa-
tion). When moved away from the moist source, the film fast
recovers to its initial planar shape (Movie S1, Supporting Infor-
mation). Notably, the gelatinized SA film can sense a relative hu-
midity as low as 10.2%. In addition, the gelatinized film demon-
strates similar actuation behaviors when placed on a hot plat-
form or exposed to NIR irradiation. As shown in Figure 3B,C,
the gelatinized film fast bends against the heat source or NIR
light in seconds owing to the thermal gradient-induced expan-
sion difference between the exposed and non-exposed sides
(Figures S13 and S14, Supporting Information). Remarkably,
the rapid actuation can be induced at near human body tem-
perature (37 °C) or by exposure to a very low laser power den-
sity (0.42 W cm−2). Such actuation behaviors can be adjusted
by varying the film thickness, relative humidity, exposure ther-
mal, and LMPs concentration (Figures S15 and S16, Supporting
Information).

Notably, these superior multi-responsive actuation behaviors
of the gelatinized SA are attributed to the fast unlocking and
locking of hydrogen bonds in the polymer network. As schemed
in Figure 3D, the gelatinized SA film shows tight polymer net-
works owing to the abundant intermolecular hydrogen bonds be-
fore exposure to a specific stimulus. After exposure to moisture,
water molecules fast diffuse into the exposed side of the film, un-
lock the intermolecular hydrogen bonds, and form new hydrogen
bonds with the -OH groups in the starch and sodium alginate
chains, while the non-exposed side remains with tight polymer
networks owing to slow water absorption. Such different water
absorption leads to anisotropic swelling and thus bending of the
SA film.[25,29] This process can be evidenced by ATR-FTIR spectra
when exposed to moisture for a different time. Figure 3E shows
that the -OH bending vibration absorption peak at 1602 cm−1 and
stretching vibration absorption peak at 3268 cm−1 increase and
evolution with increasing the vapor exposure time, which can be
attributed to the increase of bonded water.[57] Similarly, the inter-
molecular hydrogen bonds in the SA film can also be mediated
by thermal or photothermal exposure, which increases the ther-
mal movements of polymer chains in the exposed side. However,
the non-exposed side remains tight polymer networks. Such dif-
ferent polymer networks lead to anisotropic expansion and thus
bending of the SA film. Figure 3F shows that the -OH bending
vibration absorption peak at 1629 cm−1 and stretching vibration
absorption peak at 3510 cm−1 decrease and blue shift with in-
creasing the heating temperature, which can be ascribed to the
unlocking of the intermolecular hydrogen bonds.[58] Such fast
and reversible locking and unlocking of hydrogen bonds endow
the high-sensitive and reversible actuation behaviors. As shown
in Figure 3G, a butterfly-like gelatinized film first shows a planar
structure, then bends as moving near a fingertip, and finally flaps
its wings continuously on the fingertip owing to its high sensi-
tivity to the low moisture and thermal of the fingertip (Movie S2,
Supporting Information). Notably, the actuation can last for more
than 1000 cycles without apparent fatigue (Figure 3H). Such
living organism-like mechanical properties and high-sensitive,
multi-responsive actuating capabilities of SA would open new av-
enues for various practical applications (Figure S17, Supporting
Information).
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Figure 3. Mechanism and behaviors of multi-responsive actuation. A) Humidity-induced shape morphing of the gelatinized SA film as exposure to
various relative humidity from 10.2% to 19.2%. The actuation speed is as large as 66.5° s−1 for a relative humidity of 14.5%. B) Thermal-induced
shape morphing of the gelatinized SA film as exposure to various temperatures from 37 to 52 °C. The actuation speed is as large as 56.5° s−1 for the
relative humidity of 40 °C. C) Photothermal-induced shape morphing of the gelatinized SA film as exposure to various laser power densities from 0.42 to
2.4 W cm−2. The actuation speed is as large as 22.3° s−1 for the relative humidity of 0.64 W cm−2. D) Schematic illustration of the multi-responsive
actuation mechanism. E) Moisture-dependent ATR-FTIR spectra for the gelatinized SA film as exposure to water vapor from 0 to 60 s. F) Temperature-
dependent FTIR spectra for the gelatinized SA film as exposure to temperatures from 25 to 110 °C. G) The images of an artificial butterfly flapping on a
fingertip, and the corresponding changes of bending angle. H) The durability of long-term actuation of the gelatinized SA film after 1000 cycles of 35-°C
water vapor stimulation. Scale bars: 10 mm.
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2.4. Smart Living Applications

Leveraging on the former multi-responsive properties, the SA
can be used for smart homes and morphing food. First, the gela-
tinized SA can serve as an artificial mimosa, which can interact
with the changing environment. As shown in Figure 4A, natural
mimosa leaves first open, and then close once touched by a finger-
tip, of which open-to-close progress needs 15 s (Movie S3, Sup-
porting Information). Superior to the natural mimosa, our artifi-
cial mimosa demonstrates high sensitivity to stimuli, and it takes
only 4 s to close its leaves as exposed to a fingertip (Figure 4A,
Movie S4, Supporting Information). Furthermore, after deposi-
tion with an electrode array on the leaves, our artificial mimosa
not only can sense the changing environment, but also provide si-
multaneous feedback via capacity variations, which can monitor
the environment changes to meet the strict requirements of spe-
cific scenarios, such as space labs and polar regions (Figure 4B,
Figure S18, Supporting Information). Second, the gelatinized SA
can also be used for a smart lampshade (Figure 4C,D). As shown
in Figure 4D, the gelatinized SA-based lampshade first closes,
and then opens by switching on the light. Switching off the light,
the lampshade then closes correspondingly (Movie S5, Support-
ing Information). This on-off light-induced open-to-close lamp-
shade is attributed to the photothermal-induced rapid actuation
of the gelatinized SA as shown in Figure 4E. Such distinctive fea-
tures enable light-induced rolling and creeping of gelatinized SA
(Figure S19, Movies S6 and S7, Supporting Information). Third, a
food-grade artificial octopus can be configured from planar struc-
tures into 3D structures upon exposure to NIR irradiation. As
shown in Figure 4F and Movie S8, Supporting Information, food-
grade cuttlefish powder embedded in the flour-based octopus can
also convert NIR light into local heat, resulting in local gelatiniza-
tion and herein expansion of the octopus. Upon continuous NIR
irradiation, the whole body of the octopus expands and recon-
figures correspondingly, which opens new and facile avenues for
smart food.[59] Notably, such SA composed with natural source el-
ements demonstrates superior biodegradability (Figure 4G), en-
abling an innovative sustainable strategy for the development of
next-generation intelligent actuators.[60]

3. Discussion

In summary, we developed a new strategy for preparing multi-
responsive and biodegradable starch actuators that harness their
unique features of both gelatinization and intrinsic hydrogen
bonds, which overcomes the bottlenecks inherent in conven-
tional polymer-based actuators owing to the robust capability
of real-time hydrogen bond mediation via light, humidity, and
temperature. We show that the SA demonstrate precise pro-
grammable morphing behaviors, and superior actuating capabil-
ities, including highly sensitive to ultralow humidity (≈10.2%),
human-body temperature (≈37 °C), and low-energy NIR irradi-
ation (0.42 W cm−2) but fast and non-fatigue actuation behav-
iors (1000 cycles). The highly sensitive, multi-responsive, and
irreversible-to-reversible actuation imparts their distinctive ap-
plications in environmental monitoring, smart lampshade, and
smart food. The natural source, facile preparation, and unique
features of the SA would open new avenues for environment-
friendly actuating materials and smart life.

4. Experimental Section
Materials: Potato starch (MW: 342.30 g mol−1) and sodium algi-

nate were purchased from Sigma-Aldrich (Missouri, USA). Methylcellu-
lose (MC) was purchased from Alfa Aesar Chemical Reagent Co. Ltd.
(Tianjin, China). Liquid metal (LM) eutectic gallium-indium (75.5 wt%
Ga and 24.5 wt% In) was purchased from Fanyada Electronic Technol-
ogy Co. Ltd. (Zhenjiang, China). Calcium chloride (CaCl2) was purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Congo red
was purchased from Shanghai Macklin Biochemical Co. Ltd. (Shanghai,
China). Ultrapure water provided by a Purelab flex water purification sys-
tem (≈18.2 MΩ cm, High Wycombe, UK) was used in the experiments.

Preparation of Liquid Metal Particles: The LMPs were synthesized ac-
cording to previous work.[53,54,61] Briefly, 0.1 wt% MC solution was pre-
pared by dissolving 0.1 g MC in 99.9 g hot water (90 °C) for 30 min, and
then cooled to room temperature (25 °C). Afterward, 1.0 g LM was added
into 9.0 g MC solution (0.1 wt%), and the mixture was then sonicated in
an ice bath for 5 h. The obtained LMPs solution (10.0 wt%) was used in
the following experiments.

Preparation of Non-Gelatinized Starch Actuator Film: First, a non-
gelatinized SA precursor was prepared by uniformly mixing 30.0 mL aque-
ous suspension of starch granules (20.0 wt%), 10.0 mL sodium alginate
aqueous solution (2.0 wt%), and 6.0 mL of LMPs solution (10.0 wt%). Sec-
ond, 3.0 mL non-gelatinized SA precursor was poured into a homemade
device (40.0 mm × 40.0 mm × 2.0 mm),[8,40,41] followed by evaporation
at a fume hood at room temperature for 5 h. Third, the non-gelatinized
SA film was crosslinked in a 0.1 m CaCl2 solution for 2 min. Finally, the
non-gelatinized SA film with a thickness of 430 μm was peeled off from
the device, and then immersed in water for the following experiments. No-
tably, the non-gelatinized SA films with various thicknesses (138, 280, 544,
and 682 μm) and various LMPs concentrations (5, 10, and 15 wt%) were
prepared in the same manner as mentioned above. Unless otherwise spec-
ified, the non-gelatinized SA film with a thickness of 430 μm was used for
the following experiments. For better visualization, dyed non-gelatinized
SA films with Congo red were prepared.

Preparation of Gelatinized Starch Actuator Film: First, 2.0 wt% gela-
tinized starch solution was prepared by heating the aqueous suspension of
starch granules at 80 °C for 30 min under constant stirring. Second, a gela-
tinized SA precursor was prepared by uniformly mixing 37.8 mL gelatinized
starch solution (2.0 wt%), 18.1 mL sodium alginate aqueous solution
(2.0 wt%), and 1.0 mL LMPs solution (10.0 wt%). Third, 3.0 mL gelatinized
SA precursor was poured into the homemade device (40.0 mm × 40.0 mm
× 2.0 mm), followed by evaporation at a fume hood at room temperature
for 12 h. Finally, the gelatinized SA film with a thickness of 26 μm was
peeled off from the device, and then sealed and stored for the following
experiments. Notably, the gelatinized SA films with various thicknesses
(35, 48, 58, and 72 μm) and various LMPs concentrations (5, 10, and 15
wt%) were prepared in the same manner as mentioned above. Unless oth-
erwise specified, the non-gelatinized SA film with a thickness of 26 μm was
used for the following experiments.

Programmable Shape Morphing of Non-Gelatinized Starch Actuator Film:
To study the relationship between the shape morphing and the thickness
of the non-gelatinized SA film, the non-gelatinized SA films with various
thicknesses (138, 280, 430, 544, and 682 μm) were first cut into sheets
(3.0 mm × 10.0 mm), which were then partially gelatinized via exposing to
near-infrared (NIR) irradiation (808 nm, 4.8 W cm−2) for 10 s, respectively.
Afterward, the bending angles were measured after immersing the partially
gelatinized SA films in water for 30 min.

To study the relationship between the shape morphing and the NIR ir-
radiation time, the non-gelatinized SA films were cut into sheets (10.0 mm
× 30.0 mm × 430 μm), which were then partially gelatinized via exposure
to near-infrared (NIR) irradiation (808 nm, 4.8 W cm−2) for 0, 5, 10, 15,
and 20 s, respectively. Then, the bending angles were measured after im-
mersing the partially gelatinized SA films in water for 30 min.

To study the relationship between the shape morphing and the NIR ir-
radiation area, the non-gelatinized SA films were cut into sheets (3.0 mm
× 10.0 mm × 430 μm), which were then partially gelatinized via expo-
sure to near-infrared (NIR) irradiation (808 nm, 4.8 W cm−2) with various
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Figure 4. Multi-responsive SA for smart homes and morphing food. A) Fingertip-induced actuation of both mimosa and artificial mimosa. B) An artificial
mimosa not only can change shape but also can sense touch stimuli after being designed with electrode arrays on the leaves. C) Schematic illustration
of the smart lampshade. D) Photographs and infrared thermal images of the actuation of the lampshade via on-off light. E) The bending angle and
temperature change as on-off light. F) Light-induced dynamic shape configuration of an artificial octopus under water upon exposure to 48 W cm−2 NIR
irradiation. G) Biodegradability photographs of the non-gelatinized SA film in soil, indicating its degradation within 38 days.

Adv. Funct. Mater. 2023, 2304634 © 2023 Wiley-VCH GmbH2304634 (8 of 10)

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202304634 by Shenzhen Institutes O
f A

dvanced T
echnology, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

irradiated areas of 0, 16.8, 22.5, 36.9, 66.3, 90.9, and 127.8 mm2, respec-
tively. Then, the bending angles were measured after immersing the par-
tially gelatinized SA films in water for 30 min.

To demonstrate the programmable shape morphing, the non-
gelatinized SA films were cut into crab, flower, hand, human, round, and
ring shapes, which were then irradiated by NIR laser (808 nm, 4.8 W cm−2)
at specific sites. To further demonstrate their potential applications in
smart food, 100 g flour, 2 g cuttlefish powders, 60 mL water, and 5 mL
edible oil were mixed, and then kneaded into a dough sheet. Afterward,
the dough sheet was cast into an octopus-shaped mold, and then peeled
off from the mold with an octopus shape (2 mm thickness). The 2D arti-
ficial octopus under water could transform into a 3D configuration upon
exposure to a continuous and complete NIR irradiation (48 W cm−2).

Multi-Responsive Actuation of Gelatinized SA: To reveal the relationship
between the bending angle and the moisture content, the relative humidity
(H) of the filter paper surface can be simply determined by the following
equation:

H = H1 − H0 (1)

where H0 and H1 are the relative humilities of the filter paper before and
after spraying with water. The relative humidity of the filter paper surface
was recorded by a digital humidity meter (UT333S). To study the humidity-
responsive actuation, the gelatinized SA stripes (5.0 mm × 20.0 mm ×
26 μm) were put onto filter papers, which were sprayed with different
moisture content (relative humidity of the surface: 10.2%, 14.5%, 19.2%,
29.2%, 35.4%, and 45.2%). Then, the maximum bending angles were
recorded by a digital camera (Canon EOS 7D Mark II, Japan) at room tem-
perature. In addition, the maximum bending angles of the gelatinized SA
stripes (5.0 mm × 20.0 mm) with various thicknesses (35, 48, 58, and
72 μm) were also recorded in the same manner as mentioned above when
exposed to a relative humidity of 19.2%.

To study the thermal-responsive actuation, the gelatinized SA films
(5.0 mm × 20.0 mm × 26 μm) were placed on the surface of a magnetic
stirrer with different temperatures (37, 40, 52, 60, and 70 °C). Then, the
maximum bending angles were recorded by a digital camera (Canon EOS
7D Mark II, Japan). In addition, the maximum bending angles of the gela-
tinized SA stripes (5.0 mm × 20.0 mm) with various thicknesses (35, 48,
58, and 72 μm) were also recorded in the same manner as mentioned
above when exposed to a specific temperature of 50 °C.

To study the photothermal-responsive actuation, the gelatinized SA
stripes (5.0 mm × 20.0 mm × 26 μm) were irradiated by a NIR laser with
different power densities (0.42, 0.64, and 2.4 W cm−2). Then, the maxi-
mum bending angles were recorded by a digital camera (Canon EOS 7D
Mark II, Japan).

To demonstrate the multi-responsive actuation, the gelatinized SA films
were cut into flower, butterfly, and mimosa leaves shapes, which were then
exposed to certain stimuli. The actuation cycles of a gelatinized SA stripe
(5.0 mm × 20.0 mm × 26 μm) were recorded by a digital camera (Canon
EOS 7D Mark II, Japan) upon exposure to 35 °C water vapor via a home-
made setup according to our previous work.[30,32] In addition, gold elec-
trode arrays onto the leaves of an artificial mimosa were further prepared
with a sputter coater (20 mA, 240 s; Q150R ES coater, Quorum, UK) and
a homemade mask. The capacity change of the artificial mimosa upon
exposure to certain stimuli was recorded by an LCR meter (50 Hz-100
KHz, Changzhou Tonghui Electronic Co. Ltd.) equipped with a test fixture
(TH26011CS, Changzhou Tonghui Electronic Co. Ltd.). For studying their
potential applications in smart homes, the gelatinized SA film was cut into
a lampshade and then adhered around a lamp (0.75 W), which was con-
nected to a facile circuit. Then, the bending angle alterations were recorded
by a digital camera (Canon EOS 7D Mark II, Japan) as on-off switching of
light.

Biodegradability of the Non-Gelatinized SA Film: The decomposition
degree of the non-gelatinized SA film was facilely observed through visual
inspection. First, a gelatinized SA precursor was prepared by uniformly
mixing 37.8-mL gelatinized starch solution (2.0 wt%), 18.1-mL SA solu-
tion (2.0 wt%), and 1.0-mL cuttlefish solution (10.0 wt%). Second, 3.0-mL
gelatinized SA precursor was poured into a homemade device (40.0 mm

× 40.0 mm × 2.0 mm), followed by evaporation at a fume hood for 18 h.
Third, a gelatinized SA film (30.0 mm × 30.0 mm × 26.0 μm) was placed
in a basin filled with moist soil. The decomposition process was recorded
by a digital camera (Canon EOS 7D Mark II, Japan).

Characterizations: The thicknesses of SA films were measured by
an optical microscope (Nikon Ni-U, Japan). The morphologies of the
cross-sectional composited hydrogel films were characterized by a field-
emission-scanning electron microscope (FE-SEM, Sigma, Carl Zeiss 300,
Germany). The photographs of the SA films were recorded by a digital cam-
era (Canon, EOS 7D Mark II, Japan). An 808-nm near-infrared (NIR) laser
(FU808AD1000-GD22, SZ laser, 1000 mW, Shenzhen Zhonglai Technology
Co. Ltd.) was used in the experiments. The NIR laser power density was
determined by a Thorlabs PM100D optical power meter equipped with
a Thorlabs S425C photodiode sensor (diameter, 25.4 mm; power range,
2 mW to 10 W; wavelength range, 190 nm to 20 μm). The infrared imaging
photographs and the temperature alterations were recorded by an infrared
thermometer (R550Pro, 21 μm, NEC, Japan). The local elasticities of SA
films were probed with a commercial atomic force microscope CypherES
(AFM, Asylum Research, US) in the force volume (FV) mechanical imag-
ing mode, mounting an AC160TS probe (Asylum Research) with 36N m−1

spring constant (obtained with built-in calibration). Average Young’s mod-
ulus was obtained by measuring five different areas of the SA films. The
mechanical properties of SA films were recorded by a universal tensile test-
ing machine (HY-0580, Shanghai Hengyi Testing Instruments Co., Ltd.,
China). The physicochemical properties of the SA films were further char-
acterized by the Fourier transform infrared spectroscopy (FTIR, Thermo
Scientific Nicolet iS50, US), X-ray diffraction analysis (XRD, Rigaku Ul-
tima IV, Japan), and 2D wide-angle X-ray diffraction (2D-WAXD, Xeuss 3.0,
France).
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