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As an important part of biomimetic/intelligent new materials, the hydrogel actuator can sense changes in the
external environment and convert external energy into mechanical energy, therefore attracting extensive
attention in many fields. However, the relative weak mechanical properties, small driving force and single
responsiveness to external stimuli of hydrogel-based actuators are still the main factor restricting their practical
application and future development. In this paper, a heterogeneous hydrogel-based actuator with favourable
mechanical properties and multiple solvent responsiveness is constructed via the synergistic action of anisotropic
chitosan aerogel as the skeleton and solvent-sensitive gelatin hydrogel as muscle in the actuator framework. The
addition of aerogel skeleton and the salting out of gelatin favor the actuator favourable mechanical behavior with
maximum tensile stress and compressive stress up to MPa level. Furthermore, the heterogeneous aerogel/
hydrogel composite structure greatly improves the driving capability of actuator, presenting multiple solvent
responsiveness with the maximum driving amplitude up to 730° in the ion solution. The well-designed actuators
can be exploried as intelligen microfluidic valves that recognize and pass specific solutions at different flow rates.
This aerogel/hydrogel composite actuator has broad application prospects in microfluidic systems, smart valves,
artificial muscles and intelligent human-machine interaction.

1. Introduction realize specific deformation, various anisotropic structures need to be

designed and fabricated for the hydrogel actuators, including bilayer

Hydrogel is a kind of three-dimensional crosslinked polymer mate-
rial with high water content, which is widely used in coatings [1], ad-
hesives [2], implantable electronics [3], energy storage devices [4],
tissue engineering [5], drug delivery [6], and artificial muscles [7]. The
responsive hydrogel can be triggered by pressure [8,9], temperature
[10,11], light [12-14], pH [15,16], ions [17,18], solvents [19,20],
electric [21,22] and magnetic fields [23] and other specific external
stimulus and present three-dimensional controllable and programmable
shape transformation, therefore attracting many research interests as
environment-responsive actuators [24-26]. However, there are still
some problems in the research and practical application of hydrogel
actuators. Firstly, homogeneous hydrogels usually achieve macro
expansion/contraction under the uniform external stimulus. In order to
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structures [10,15,16], gradient structures [14,27], graphic structures
[21], directional structures [20,28], and other anisotropic structures
[11,18,23]. Secondly, the high water content and weak crosslinking
action of hydrogels make them soft and fragile in practical applications.
Although various advances have been reported in toughening hydrogels
by forming dual networks [29], adding nanofillers [30] and proceeding
mechanical training [31], there is still a significant difference in the
mechanical property when compared to anhydric polymers [32]. The
driving behaviors of these toughening hydrogels have also been not
given enough attention. Therefore, how to improve the mechanical
properties and deformation capacity of responsive hydrogel actuators is
an important concern in the wide application of hydrogel actuators.
Consider the skeletal and muscular system of the human body
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Fig. 1. Preparation and driving process of chitosan aerogel/gelatin hydrogel composite actuator. (a) Schematic diagram of the skeletal and muscular system of
human body, (b) schematic diagrams of aerogel formation by the ice template method and (c) the obtained chitosan aerogel after freeze drying. (d) Schematic
diagram of shrinkage principle of gelatin hydrogel: (d1) gelatin solution, (d2) gelation process, (d3) salting out effect of gelatin hydrogel in (NH4)2SO4 solution, (e-f)
scanning electron microscope (SEM) pictures of chitosan aerogel/gelatin hydrogel composite: (e) cross section diagram of composite, (f) top and bottom surfaces of
composite, (i) schematic diagram of driving process of composite actuator in the ionic solution.

(Fig. 1a). The skeleton supports the body, provides the sites for muscle
attachment, and assists the muscles to perform the action and so on. The
muscles we usually talk about are skeletal muscles because of their
attachment to bones by tendons. Skeletal muscles can produce total or
partial contraction in response to a stimulus, move bones and joints and
enable us to perform a wide variety of postures and movements. Inspired
by the anatomy of the human body, we propose a fascinating aerogel/
hydrogel composite structure as smart actuator, namely an anisotropic
chitosan aerogel as the skeleton and gelatin hydrogel which is filled into
the aerogel as the responsive muscle. The simple and environmental-
friendly ice template method is used to prepare directional porous chi-
tosan aerogel materials with stable structure (Fig. 1b-c, Fig. S1). When
the temperature is higher than the upper critical dissolving temperature
of gelatine (40 °C), it presents an random coil structure in the solution
(Fig. 1d1) [33]. At low temperature, the gel molecules are connected by
hydrogen bonds to form a stable helical region, thus forming hydrogel
(Fig. 1d2). After the pre-formed gelatin hydrogel is soaked in a
(NH4)2S04 solution, the solubility of gelatin is reduced due to salting out
effect, and the gelatine molecular chain gathers and binds, resulting in
water discharge and volume shrinkage (Fig. 1d3) [33]. The good

combination of anisotropic aerogel and responsive hydrogel (Fig. 1e)
not only successfully improves the mechanical properties of the actuator
with the maximum tensile stress up to 1.9 MPa and the maximum
compressive stress up to 3.5 MPa, but also induces the nonhomogeneous
structure of composite (Fig. 1f), making it possible to bend in a variety of
ionic solutions (Fig. 1g) and organic solvents (the maximum driving
amplitude up to 730°, details in bending angle measurement shown in
Fig. §2), and restore to the initial state after being put into deionized
water. The well-designed composite actuator can be developed as an
intelligent microfluidic valve that can identify the specific fluid flow and
control the flow rates for different solutions. The proposed strategy
provides a simple and green method for structuring responsive hydro-
gels, foreshadowing application prospects in intelligent actuators, soft
robots, microfluidics systems and intelligent human-machine interfaces.

2. Materials and methods
2.1. Materials

Gelatin (photographic grade, adhesive strength ~ 260 g Bloom),
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Fig. 2. Morphology and driving mechanism of chitosan aerogel/gelatin hydrogel composite actuator. Cross section SEM images of (a) macroporous layer and dense
hole layer of composite with ordered chitosan aerogel, (b) disordered chitosan aerogel and (c) pure gelatin. (d)-(f) Schematic diagrams and optical photos of bending
deformation of (d) pure gelatin, (e) composite actuator with disordered chitosan aerogel and (f) composite actuator with ordered chitosan aerogel in the

(NH4)2SO4 solution.

chitosan (CS, low viscosity: < 200 Mpa s), glacial acetic acid (GAA),
glutaraldehyde (GA), sodium hydroxide (NaOH), ethanol, ammonium
sulfate ((NH4)2SO4), sodium carbonate (Nap,COs3), sodium thiosulfate
(NayS203), sodium dihydrogen phosphate (NaH3POj4), sodium acetate
(CH3COONa), sodium chloride (NaCl), dimethyl sulphoxide (DMSO),
isopropano (IPA), glycol (EG), acetone (TATP), ethyl alcohol (ETOH)
were all purchased from Shanghai Maclin Biochemical Co., LTD.
(China). Deionized water (18.2 MQ, 25 °C) from water purification
system (UPT-I-10, China) was used in the whole experiment. All re-
agents were of analytical grade and no purification was carried out.

2.2. Preparation of chitosan aerogel by ice template method

First, a 2 wt% chitosan solution with glacial acetic acid was injected
into a mold consisting of copper sheets, silica gel sheets and glass slides
(40 mm x 10 mmx1 mm in lengthxwidth xheight). Then the mold was
placed on the pre-cooling refrigeration device with the copper sheet
close to the cold source, so that the temperature formed directional
conduction from the copper sheet upward, and the chitosan solution
turned into anisotropic flake ice (Fig. S1). After the samples were
completely frozen, they were moulded, freeze-dried, and immersed in
0.4% NaOH ethanol solution for 30 min to remove glacial acetic acid.
Finally, the sample was frozen again and then freeze-dried, so that the
anisotropic chitosan aerogel skeleton with aligned structure was ob-
tained. Different directional freezing temperatures including — 30 °C,
— 60 °C and — 90 °C were set to prepare chitosan aerogel skeleton. In a
similar way, the chitosan aerogel with disordered structure was also
prepared by a random freezing process.

2.3. Preparation of aerogel/hydrogel composite actuator

A 10 wt% gelatin solution was added to the chitosan aerogel skeleton
with ordered structure and placed in an environment of 4 °C. Then the
sample was immersed in 1% glutaraldehyde solution (physical cross-
linking agent) at room temperature to crosslink for 8 h, obtaining chi-
tosan aerogel/gelatin hydrogel composite (40 mm x 10 mmx1 mm in
length xwidthxheight). Analogously, an aerogel/hydrogel composite
with disordered chitosan aerogel as the skeleton was also prepared as a
control.

2.4. Characterization

Morphology and microstructure of chitosan aerogel and gelatin
hydrogel were observed by scanning electron microscope (SEM, S-4800,
Hitachi) under 5 kV acceleration voltage. Before test, the samples were
freeze-dried in a freeze dryer (FD-1A-80, China) at — 80 °C. The melting
of gelatin hydrogel was analyzed on a differential scanning calorimeter
(DSC, TA DSC Q200, USA) in the temperature range from 20 °C to
250 °C at a scanning rate of 5 °Cmin ! under nitrogen atmosphere. The
crystalline structure of lyophilized gelatin was characterized by X-ray
diffractometer (XRD, D8 discover, Purrucker) in the scanning speed of 5
°Cmin~!. Fourier transform infrared (FTIR) spectroscopy was recorded
on an infrared spectrometer (Thermo scientc, NicoletiS50 series) with a
wavenumber range of 500-4000 cm™!. To explore the mechanical
properties, tensile and compression experiments were carried out on a
mechanical testing machine (Legendary 2366 INSTRON) with the ten-
sile speed of 50 mm/min and compression speed of 10 mm/min. The
compressed sample was made into 10 mm x 10 mmx 10 mm cube, and
the stretched sample was made into 40 mm x 10 mmx 1 mm cuboid.
After calculating and analyzing the relationship between force and
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deformation, the stress-strain curve and modulus diagram were ob-
tained. The water content of gelatin hydrogel (Fyater) was measured by
calculating the percentage of mass change of gelatin before and after
freeze-drying with liquid nitrogen, namely Fyater= [(mw-mq)/my]x

100%. Here m,, and my were the weight of gelatin before and after freeze
drying.

To study the bending behavior of the composite actuator, one end of
the hydrogel was held in place with a clamp and the other end was
suspended freely in the air. Then the sample was put into the (NH4)2SO4
solutions with different concentrations (1 mol/L, 2 mol/L, and 3 mol/L)
to drive, and then put it back into deionized water to recover. The
driving behaviors of composite actuator in other different kinds of ionic
solutions (sodium carbonate, sodium thiosulfate, bisdicarbonate so-
dium, sodium acetate and sodium chloride) and different organic solu-
tions (dimethyl sulphoxide, isopropano, glycol, acetone and ethyl
alcohol) were also evaluated. The entire deformation process was filmed
with a digital camera and screenshots were taken at various time
pointes. The bending angle of the composite actuator in the screenshot
(Fig. S2) was measured by Image J software, and the relationship be-
tween bending angle and time was investigated.

3. Results and discussion

3.1. Effect of aerogel microstructure on driving behavior of composite
actuator

Ice template method is widely used to prepare oriented porous ma-
terials via ice crystals directional freezing and growing [34-36].
Through controlling temperature gradient of frozen elements (chitosan
solution), the solution first crystallizes and nucleates on the freezing
surface, and then grows along the temperature gradient to form ice
crystals with directional structure, obtaining a directional gradient
structure of chitosan aerogel skeleton. As shown in Fig. 2a, the chitosan
aerogel skeleton presents two different structures, namely dense holes
layer on the lower side (nucleate formation layer) and directional
macropore layer on the upper side (crystal growth layer). Chitosan
aerogel is insoluble in water after the removal of acetic acid, and has a
stable structure that is unbreakable [36]. By comparison, the chitosan
aerogel prepared under random frozening process displays a disordered
porous structure with the chitosan lamella mussily piled up (Fig. 2b) due
to the lack of temperature gradient. Gelatin is a kind of macromolecule
hydrophilic colloid, which has a random coil structure when the tem-
perature higher than 40 °C, and forms a stable gel due to the connection
of hydrogen bonds between gelatin molecules when the temperature
lower than 40 °C (Fig. 1d2) [33]. As a protein, gelatin has a character-
istic of salting-out effect, namely the gelatine hydrogel will shrink due to
salting out in ionic solution, and expand and recover again in deionized
solution [33]. This response to salt solution of gelatin makes it a po-
tential as an ionic-responsive actuator. Fig. 2c shows the structure of
gelatine hydrogel with uniformly dispersed dense holes, and the aper-
ture size is distributed in 10-50 um range. When the gelatin solution was
added to the chitosan aerogel skeleton with directional structure and
gelatinized in a low temperature environment to form composite, the
anisotropy gradient structure can be obviously observed on the cross
section (Fig. 1g), and the aperture of the top surface is much larger than
that of the bottom surface (Fig. 1h). The close conbination between
chitosan aerogel and gelatin hydrogel (gelatin is filled into the aerogel
skeleton) is vital when the composite is used as a responsive actuator.
For pure gelatin hydrogel with homogeneous structure, only macro
expansion/contraction without nonplanar bending deformation can be
observed under the uniform external stimulus (Fig. 2d). When the
gelatin hydrogel combinates with the disordered porous chitosan aero-
gel, the isotropous skeleton and muscle system only presents a faint
response to the (NH4)2SO4 solution (Fig. 2e). By contrast, the chitosan
aerogel with directional ordered structure can favor the composite sys-
tem more structural differences, inducing an obvious bending
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deformation towards directional macropore end due to the dominant
proportion of gelatin and volume shrinkage after sailing out of gelatin in
directional macropore layer (Fig. 2f).

Additionally, the directional freezing temperature also affects the
microstructure of aerogel skeleton and the driving performances of
composite actuator. When the composite actuator is driven, the force
generated by the contraction of gelatin in the directional large hole layer
is larger than that of dense hole layer. We define the difference between
the two forces with gravity deduction as the driving force of the com-
posite actuator, so the larger the proportion of the directional large hole
layer, the greater the driving force of the composite actuator. We set
three directional freezing temperatures of — 30 °C, — 60 °C and — 90 °C
to prepare aerogel skeleton with 3 mm thickness, respectively. With the
decrease of directional freezing temperature, the thicknesses of dense
hole layers at the bottom are about 1020 um (—30 °C), 505 um (—60 °C)
and 115 um (—90 °C), respectively, and the thickness ratios of large hole
layer to dense hole layer are about 2:1, 5:1 and 29:1, respectively
(Fig. S3a-c). This means that the time for crystallization and nucleation
is shorter with the decrease of freezing temperature, and the dense hole
layer related to crystallization and nucleation is thinner. Therefore, the
greater thickness difference between the two layers for the composite
actuator prepared at — 90 °C will present better driving performance.
The scanning electron microscope (SEM) images of chitosan aerogel
prepared at different directional freezing temperatures also demonstrate
that the pore sizes of bottom surfaces for all aerogel skeleton are almost
the same, while the pore sizes of top surfaces reduce with decreasing of
freezing temperature (Fig. S3d-i). When the composite actuators
(thickness of 1 mm) were immersed into a 3 mol/L (NH4)2SO4 solution,
the driving speed, maximum bending angle and recovery speed of the
composite actuator in deionized water reaches the maximum for
— 90 °C prepared sample (Fig. S4, Movie S1). The experimental phe-
nomenon verifies that the structure of aerogel skeleton determines the
driving capability and driving performance of the composite actuator.
The lower the temperature of the aerogel skeleton made by ice template
method, the better the driving performance of the composite driver.

Supplementary material related to this article can be found online at
d0i:10.1016/j.snb.2023.133932.

3.2. Effect of gelatin salting-out on driving behavior and mechanical
property of composite actuator

It is well known that protein will condense and precipitate out of the
solution when inorganic salts are added into the protein solution. This
process is reversible, namely protein can be dissolved again after the
system diluted with water. As a fat-free high protein, gelatin usually
goes through the salting-out and dissolve process (Fig. S5). This is
because the solubility of gelatin in water depends on the degree of hy-
dration of hydrophilic group of the gelatin molecule with water and the
charge of the gelatin molecule. After adding the (NH4)2SO4 solution into
gelatin solution, the affinity between anion and water molecules is
greater than that between gelatin and water molecules, which increases
the surface tension of the cavity around the gelatin molecular chain,
resulting in the weakening or even disappearance of the hydration layer
around the gelatin molecule (Fig. S6a) [37,38]. At the same time, the
charge on the protein surface is largely neutralized due to the change of
ion strength around gelation molecules, which damages the stability of
the hydrogen bond between the polymer and its hydrated water mole-
cules, leading to the decrease of the solubility of gelatin and the
aggregation/precipitation of gelatin molecules (Fig. S6b) [37,38]. When
gelatine hydrogel is formed in low temperature environment and then is
immersed in (NH4)2SO4 solution, gelatine hydrogel will not produce
precipitation, but present volume shrinkage and water discharge due to
the stable formation of gelatine molecule network through helical
junctions (Fig. 1d3) at low temperatures [33]. This is well supported by
the FTIR data. When the preformed gelatin hydrogel was immersed in
(NH4)2S04 solutions of different concentrations (1 mol/L, 2 mol/L and
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Fig. 3. (a-c) Physical properties of original gelatin before and after gelatin was soaked in the (NH4)>SO4 solution with different concentrations (1 mol/L, 2 mol/L,
3 mol/L): (a) FTIR spectra, (b) DSC curves, (c) XRD characterization. (d-g) Mechanical properties of gelatin hydrogel and composite actuator before and after gelatin
was soaked in the (NH4)>SO4 solution with different concentrations (1 mol/L, 2 mol/L, 3 mol/L). Pictures of (h) compression process and (i) stretching process of

gelatin hydrogel and composite actuator.

3 mol/L) for 8 h, and the FTIR results show that the O-H tensile vibra-
tion at 3415 cm’l, the -CHsz symmetric deformation and C-H bending
one at 1395 cm™! for gelatin hydrogel increase with the concentration
increase of (NH4)2SO4 from 1 mol/L to 3 mol/L, indicating a strength-
ened hydrogen bond interaction between gelatin chains and the
improved folding and binding of gelatine molecular chain (Fig. 3a) [33].
At the same time, the strength of the amide I band at 1622 cm™! in-
creases, indicating that the chain bundle and triple helix structure of the
hydrogel are strengthened. The signal increase related to sulfate at
1100 cm ™! shows that the effect of (NH4)2S04 on the hydrogel structure
is more obvious at higher concentrations of (NH4)2SO4. In other words,
after the pre-formed gelatin hydrogel is soaked in (NH4)2SO4 solution,
the aggregation of gelatin molecular chain occurs, and the degree of
molecular chain aggregation increases with the increase of (NH4)2SO4
solution concentration (Fig. 3a) [33]. Moverover, the greater the ionic
solubility, the more obvious the salting out effect of gelatin, and the
greater the volume shrinkage of gelatin hydrogel. As show in Fig. S7, the
composite actuator prepared at — 90 °C directional freezing tempera-
ture demonstrates the maximum bending angle (730°) and driving speed
(5.6°/s) after soaking in 3 mol/L (NH4)2SO4 solution (Movie S1). When
the composite actuator is placed in the deionized water, the pressure
inside the actuator with rich ions is much higher than that of the actu-
ator outside, and the ions are therefore released from the actuator and
the actuator recovers with a slowdown speed due to the decreased

osmotic pressure. Once the osmotic pressure reaches equilibrium, the
recovery of the actuator stops. When we stick a pearl (0.68 g in mass) on
the bottom end of the actuator (0.21 g in mass) and put the actuator into
the solvent (Fig. S8), the composite actuator can lift the pearl easily,
indicating satisfactory driving force and good mechanical properties of
the actuator.

The salting-out effect of gelatin also assists the mechanical properties
of composite actuator. The molecular chains of gelatine are bound to
each other and are strengthened after salting out, which means a greater
crystallinity and an improved mechanical properties of gelatin hydrogel.
After soaking in different concentrations of ammonium sulfate solution
(1 mol/L, 2 mol/L, 3 mol/L) and deionized water, the gelatin hydrogels
were tested by differential scanning calorimeter (DSC). The peak value
of the heat flow curve measured by DSC can be considered as the result
of partial melting of gelatin hydrogel crystals. The Melting enthalpy of
crystallinity (Herystalline ) per unit mass of dried gelatin can be calcu-
lated by the integral of endothermic transition. Therefore, the mass of
crystallinity can be given as [39].

0
Merygtalline = M X Hcryslallinc/Hcrysmlli"e (@)

Here H?rystanme is the enthalpy of melting at a 100% crystallinity of
gelatin, and m is the mass of the sample. Therefore, the crystallinity Xqry
of the dried gelatin can be calculated as [39].
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Fig. 4. (a-c) Effects of different ionic solutions on (a) bending, (b) recovery ratio, (c) bending amplitude and initial bending velocity of composite actuator in
deformation process. (d-h) Effects of different organic solvents on (d) bending, (e) recovery ratio, (h) bending amplitude and initial bending velocity of composite

actuator in deformation process.

Xdly = Merystalline /m (2)

According to the measured water content Fygeer, the crystallinity in
the swellen state can be calculated as [39].

Xswellen = Xdry X (1 - Fwater) (3)

In summary, as long as the peak value of DSC heat flow curve is
larger, the crystallinity of gelatin hydrogel is larger, indicating that the
molecular chain of gelatin hydrogel is more concentrated. As shown in

(a1) (a2)

Nonresponsive water

(c1) (c2)

Responsive
ion soulution

the heat flow curve of DSC in Fig. 3b, two peaks appear at about 85 °C
and 125 °C, and the peak at 125 °C becomes larger with the increase of
ionic solubility.The 85 °C peak is due to the evaporation of water in the
gelatin hydrogel. The peak at 125 °C is the result of partial melting of
gelatin hydrogel crystals. The larger the peak, the larger the enthalpy of
melting. As the ionic solubility increases, the Fyater of gelatin decreases
and the Herystallization Of gelatin increases, therefore the Xgyellen of gelatin
increases. The XRD data also verify this point. The XRD image of gelatin
hydrogel after soaking in deionized water shows a gentle curve,

Fig. 5. Application of composite actuator as (al-a2) a gripper to grab the target object, and (b-c) an intelligent microfluidic valve to control the flowing of different

solutions including (b1-b2) deionized water and (c1-c2) (NH4)2SO4 solution.
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indicating that there is no crystalline part of gelatin hydrogel at this
time. However, for XRD images of gelatin hydrogel soaked in ammo-
nium sulfate solution, it can be seen that a mantou peak appears in the
26 rang from 20° to 40°, whose intensity increases with the increase of
ion concentration of (NH4)2SO4 solution (Fig. 3c), hinting the
enhancement of crystallinity of gelatin hydrogel. The increased crys-
tallinity of gelatin hydrogel further contributes to the mechanical
property improvement. As shown in Fig. S9, after immersion in the
(NH4)2SO4 solution (3 mol/L), the maximum tensile stress and
compression stress of gelatin hydrogel (GEL-3) rise up to 1.6 MPa and
5.1 MPa, respectively, presenting several times growth in deformation
quantity when compared to unsoaked gelatin hydrogel. The aerogel
skeleton also plays an important role in improving the mechanical
properties of composite actuator. Compared with gelatine gel, the
maximum tensile stress of the composite actuator (CS-GEL-3) is 1.9 MPa
and the maximum compressive stress is 3.5 MPa (Fig. 3d and 3f).
Though there is a certain degree of reduction in the maximum tensile
and compressive strains of the composite actuator after immersion in the
ionic solution with high concentration, the improvement of mechanical
properties is still obvious when compared to gelatin hydrogel under the
same treatment conditions (Fig. 3e and 3g). The addition of aerogel
skeleton restricts the tension and compression deformation of gelatin
hydrogel to a certain extent, but increases the stiffness of composite,
making it not easy to grind and break (Fig. 3h and i).

3.3. Multiple-solvent responsiveness and intelligent valve application of
composite actuator

The multi-solvent responsiveness of composite actuator is further
investigated when considering the Hofmeister effect and corresponding
ionic sequence (CO%>S0% >5,0% >H,PO* >F >CH3CO0 >Cl >Br'>NO
3>I">ClO3>SCN"). Here we selected five ionic solutions for in-depth
study, namely NayCOs, Na2=S20s, NaH2PO4, CH3COONa and NacCl solu-
tion. The driving speed and maximum bending angle of composite
actuator in different ionic solutions are consistent with the law of Hof-
meister sequence (Fig. 4a-c, Fig. S10 and Movie S2). Additionally,
ethanol, acetone and some organic solvents containing a large number of
hydroxyl and carbonyl groups can also make protein salting out and
denaturatio by forming hydrogen bonds with proteins, reducing solvent
dielectric constant, and increasing the attraction to opposite electric
charge. As shown in Fig. 4d-f and Fig. S11, the composite actuator has
the responsiveness in dimethyl sulphoxide (DMSO), isopropano (IPA),
glycol (EG), acetone (TATP) and ethyl alcohol (ETOH) solvents, and
finishes corresponding bending and recover deformation (Movie S3).
Therefore, the composite actuator has a good adaptability in a changing
environment.

Supplementary material related to this article can be found online at
d0i:10.1016/j.snb.2023.133932.

Supplementary material related to this article can be found online at
d0i:10.1016/j.snb.2023.133932.

Based on the good mechanical properties and multiple solution
responsiveness of composite actuator, it can be intentionally designed
for different geometric dimensions to achieve special deformation. For
example, a four-arm gripper with a thickness of 1 mm is manufactured
by a cross-shaped mold, which can grab the target object in the ionic
solution (Fig. 5al-a2). An intelligent valve (2 cm x 2 cmx1 mm in
length xwidth x thickness) is also constructed and fixed at one end into
the middle of baffle pipe with a hole (0.5 cm in diameter). When the
deionized water is poured into the pipe, the deionized water can’t pass
through the hole due to tightly closed hole by the valve (composite
actuator) under liquid pressure (Fig. 5b1-b2). When a salt solution, for
example (NH4)2SO4 solution, is poured into the pipe, the movable end of
the valve (with macropores face up) bends upward towards the salt
solution, exposing holes in the baffle to allow salt solution to flow down
(Fig. 5cl-c2). By changing the concentration of salt solution, for
example (NH4)2SO4 solution (1 mol/L, 2 mol/L, 3 mol/L), the flow rate
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of salt solution is very easy to control due to the concentration depen-
dent actuation behavior of composite actuator (Fig. S12, Movie S4). The
valve can not only let specific solutions pass through, but also identify
the types of solutions according to the flow rates of different solutions,
providing a promising application of composite actuator in intelligent
valves.

Supplementary material related to this article can be found online at
d0i:10.1016/j.snb.2023.133932.

4. Conclusion

Inspired by the combination of human bones and muscles, we report
a aerogel/hydrogel composite actuator with directional structured chi-
tosan aerogel as the skeleton and solvent-sensitive gelatin hydrogel as
muscle in the actuator framework. By optimizing the pore structures of
chitosan aerogel and mechanical properties of gelatin hydrogel, the
composite actuator exhibits multimodal deformation in a variety of
ionic and organic solvents, and has good recovery in deionized water. At
the same time, the mechanical properties of the composite actuator are
amazing with the maximum tensile stress and compressive stress up to
1.9 MPa and 3.5 MPa, respectively. The well-designed composite actu-
ator can serve as a mechanical grip and an intelligent microfluidic valve
to grab the target object, and to control the flowing of different solutions
with different flow rates. The proposed hydrogel-based composite
actuator can provide design inspiration for soft robots, smart actuators,
artificial muscles, and intelligent human-machine interface technology.
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