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SUMMARY

Owing to the innate good biocompatibility, tissue-like softness and other unique
properties, hydrogels are of particular interest as promising compliant materials
for biomimetic soft actuators. However, the actuation diversity of hydrogel actu-
ators is always restricted by their structure design and fabrication methods.
Herein, origami structures were introduced to the design of fluid-driven hydrogel
actuators to achieve diverse actuation movements, and a facile fabrication strat-
egy based on removable templates and inside-out diffusion-induced in situ hydro-
gel crosslinking was adopted. As a result, three types of modular cuboid actuator
units (CAUs) achieved linear motion, bending, and twisting. Moreover, combina-
tions of multiple CAUs achieved different actuation modes, including actuation
decoupling, superposition, and reprogramming. The diverse actuation function-
ality would enable new possibilities in application fields for hydrogel soft actua-
tors. Several simple application demos, such as grippers for grasping tasks and
a multi-way circuit switch, demonstrated their potential for further applications.

INTRODUCTION

In nature, biological actuation systems, especially the musculoskeletal systems of animals, perform com-
plex movements with high adaptability and compliance, including linear motion (elongation & contrac-
tion), twisting, bending, and more complex combinations of them (Coyle et al., 2018). Taking inspiration
from them, biomimetic soft actuators, as one of the main components of soft robots, aim to reproduce
these biological actuations to carry out more varied tasks with higher flexibility, environmental compliance,
and safety in human-machine interfaces and machine-environment interactions, than conventional rigid ac-
tuators (Shen, 2021; llami et al., 2021).

Hydrogels, due to their innate good biocompatibility, tissue-like softness and flexibility, are of particular
interest as a kind of promising compliant materials for biomimetic soft actuators (Liu et al., 2020; Lee
et al., 2020; Jiao et al.,, 2022), especially in biological applications (Banerjee et al., 2018). They are
composed of hydrophilic 3D crosslinked polymer networks and aqueous solutions, possessing distinct
characteristics superior to those of conventional elastic materials (e.g. silicone elastomers) for biomimetic
soft robotics, such as high water content, biodegradability, transparency, ionic conductivity, stimulus-
responsiveness, and diversity of physicochemical characteristics (lonov, 2014; Ding et al., 2020; Liu et al.,
2020; Lee et al., 2020). Benefiting from these excellent characteristics, hydrogel actuators have great
strengths and potential in a wide variety of application fields (Shang et al., 2019; Le et al., 2019), including
soft machines and robotics (Han et al., 2018; Li et al., 2020; Downs et al., 2020; Zhu et al., 2020), artificial
muscles (Park and Kim, 2020), biomedical engineering (Shim et al., 2012), microfluidic devices (D'eramo
et al., 2018), optical devices (Duan et al., 2017), and so on.

Existing osmotic-driven hydrogel actuators always have the disadvantages of low actuation speed and/or
low actuation force (Yuk et al., 2017; Liu et al., 2020; Jiao et al., 2022). Fluid-driven (hydraulic or pneumatic)
actuation (Zhang et al., 2020), the most widely used actuation method for soft actuators due to its simplicity,
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2017), biodegradability and sustainability (Shintake et al., 2017), thermal-responsiveness for thermoregu-
lation (Mishra et al., 2020; Mishra et al., 2021), and ionic conductivity for soft sensing (Hardman et al., 2022).

However, on the one hand, as a result of the lack of structural diversity, most existing fluid-driven hydrogel
actuators (Yuk et al., 2017; Shintake et al., 2017; Zhang et al., 2018; Mishra et al., 2020; Mishra et al., 2021,
Takishimaetal., 2021; Hardman et al., 2022) can only perform a simple bending actuation, which would limit
their further applications in practice. Baumgartner et al. applied a textile exoskeleton to direct the bending
actuation (Baumgartner et al., 2020). On the other hand, the structural diversity of hydrogel actuators is al-
ways limited by current fabrication methods for the preparation of complex 3D thin-walled hollow hydrogel
structures with chambers and channels, such as molding (Yuk et al., 2017; Shintake et al., 2017). Benefiting
from 3D printing methods for hydrogels, Cheng et al. (Cheng et al., 2019) and Heiden et al. (Heiden et al.,
2022) realized multidirectional bending actuation through a multiple-chamber structure. However, 3D
printing methods for hydrogels always require specialized printers, and there are only limited ink materials
with applicable crosslinking networks can be used, which restrict their wide applications (Wu et al., 2019;
Hardman et al., 2022). A few studies have proposed a simple in situ forming method based on inside-
out diffusion-induced polymerization of hydrogels (Yu et al., 2019) or other polymers (Subraveti and Ragha-
van, 2021), and some studies have applied this method with removable templates to form hollow hydrogel
structures (Ma et al., 2018b; Ma et al., 2018a; Lin et al., 2019). Wu et al. adopted this method to fabricate
bellow-shaped fluid-driven hydrogel actuators (Wu et al., 2019).

Origami structures, due to their inflatable and foldable structures, have been introduced to the design of
fluid-driven soft actuators to obtain various desired actuation movements (e.g., linear motion (Li et al.,
2017; Lin et al., 2020), bending (Li et al., 2017; Lin et al., 2020; Jiao et al., 2021; Géttler et al., 2021), twisting
(Lietal., 2017; Jiao et al., 2021), and other complex actuation (Kim et al., 2019; Li et al., 2019)) and/or achieve
a larger deformation ratio (Lee and Rodrigue, 2019). However, the design of the origami structures always
poses manufacturing difficulties, and to the best of our knowledge, no type of fluid-driven hydrogel actu-
ators has yet been proposed with an origami structure.

Herein, a type of fluid-driven hydrogel actuators with origami structures is designed, and a simple fabrica-
tion method based on removable templates and inside-out diffusion-induced in situ crosslinking is adop-
ted to construct such a kind of complex 3D thin-walled hollow hydrogels with origami structures in one
piece. Origami structures with a predesigned crease pattern guide the directional movements of fluid-
driven hydrogel actuators when they are actuated. Three basic types of modular actuator units of linear mo-
tion, bending, and twisting, were designed, fabricated, and tested, which are hereafter referred to as
cuboid actuator units (CAUs) due to their cuboid shapes. Moreover, with the modular design thinking, com-
binations of multiple CAUs are capable of achieving combinations of actuation, such as motion decoupling
and superposition. Each CAU was independently controlled to actuate, and different actuation sequences
and combinations of actuation states of CAUs achieved on-demand spatiotemporal actuations and re-
programming of shape changes. Finally, several simple application demos for different tasks were demon-
strated, such as a two-finger gripper and a three-finger gripper for grasping tasks, and a multi-way circuit
switch.

RESULTS

Design concept of CAUs

Herein, origami structures are introduced to fluid-driven hydrogel actuators to achieve more diverse
actuation movements. Three types of cuboid actuator units (CAUs) are designed, which are basic actu-
ator modules of linear motion, bending, and twisting: linear-contraction cube (LCC), tilting-bending
cube (TBC), and twisting-contraction cube of clockwise and counter-clockwise directions (TCC-CW &
TCC-CCW), respectively. Their crease patterns and folding kinematics are shown in Figures 1B-1E.
Solid lines represent mountain creases, and dotted lines represent valley creases. Among them, an
LCC performs a unidirectional elongation-contraction motion, a TBC performs a tilting motion, which
can be further transformed into a bending motion, and a TCC performs a coupled motion of twisting
and linear motion.

For a cuboid soft actuator without creases, as shown in Figure 1A i, its four side faces deform inward equally

to form concavities under an applied negative fluid pressure. Because the four side faces have the same
and symmetric shape, their deformation is identical to each other and symmetric within each of them,
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Figure 1. Design concept of CAUs

(A) Mechanism of origami structures on CAUs: i. For a cuboid soft actuator without creases, its four side faces deform inward equally to form concavities
under an applied negative fluid pressure. ii. For each side face, a pressure P and forces on its four edges produces bending deformation and compressive
deformation. iii. Due to a crease structure, a face tends to bend in the direction perpendicular to the crease lines when a negative pressure is applied. iv. The
crease structures also bring a local stiffness difference at each side edge and make it incline when actuated.

(B-E) The designs of LCC, TBC, TCC-CW, and TCC-CCW: i. Crease pattern designs and folding kinematics of LCC, TBC, TCC-CW, and TCC-CCW. ii.
Structure designs of LCC, TBC, TCC-CW and TCC-CCW, and their cores. See also Figure S2.

and the side edge between each pair of adjacent side faces bends inward on the symmetry plane of the two
adjacent side faces. For each side face, a negative fluid pressure exerts an inward pressure P normal to the
face, and its four adjacent faces exert two pairs of forces its four edges, as shown in Figure 1Ai. Each pair of
forces can be divided into a normal component, which produces bending deformation coupled with P, and
a tangential component, which produces compressive deformation.

As shown in Figure TA iii, a crease structure on a side face results in the smallest bending stiffness in the
direction perpendicular to its crease line in its adjacent area, so the side face tends to bend in the direction
perpendicular to the crease lines when a negative fluid pressure is applied. The crease structures also bring
alocal stiffness difference at each side edge, which makes itincline when actuated, as shown in Figure 1A iv.
Taking a TCC as an example, the largest bending deformation occurs in the direction perpendicular to the
slanted crease line on the diagonal of each side face. All four side edges incline in the same direction and
then collapse along the inclined direction, leading to the subsequent folding motion of twisting and
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Figure 2. Schematic illustration of the fabrication process of a CAU

A solid gelatin core with a predesigned crease pattern and containing calcium ions (Ca2*) is immersed into a sodium alginate (Alg) precursor solution. Then,
Ca®* ions begin to diffuse inside-out and induce the ionic crosslinking of Alg chains, resulting in the in situ formation of a thin-walled Alg hydrogel shell on
the surface of the core. Finally, the core is removed, and A CAU with 3D thin-walled hollow hydrogel structure is obtained.

contraction. In addition, a crease structure of the valley or mountain line guides its folding direction and the
plastic predeformation at the creases after folding further reduces the bending stiffness in the direction
perpendicular to the crease lines and ensures the subsequent folding movements. As a result, if the crease
structures are added on each side face, they would divide each side face into multiple facets, and the facets
would fold along the crease lines when a negative fluid pressure is applied.

Fabrication of CAUs

In nature, arthropods grow and molt their thin-walled exoskeletons on the outside surfaces of their bodies.
Inspired by this, a facile fabrication strategy based on removable templates and inside-out ion-diffusion-
induced in situ crosslinking was used to fabricate CAUs with 3D thin-walled hollow hydrogel structures.
Specifically, steps of the fabrication strategy are shown in Figure 2. First, a solid gelatin core containing cal-
cium ions (Ca?*) can simply be molded to form its shape with a predesigned crease pattern. Two end faces
are molded by covalently crosslinking a PAAm network, which forms a half-interpenetrating network of the
PAAmM network with uncrosslinked Alg chains. A silicone fluidic connector is also attached on the top face
during the molding process by covalent grafting of the PAAm network with the silicone surface (Yuk et al.,
2017). Then, the two end faces are assembled on the gelatin core and the assembly is completely immersed
into a sodium alginate (Alg) precursor solution, and Ca®* ions begin to diffuse inside-out and induce the
ionic crosslinking of Alg chains, resulting in the in situ formation of a thin-walled Alg hydrogel shell on
the surface of the core. During this process, part of the uncrosslinked Alg chains in the two end faces is
also physically crosslinked and connects the two end faces to the formed thin-walled Alg hydrogel shell
by an PAAm-Alg interpenetrating network. Finally, the core is melted and removed in hot water, and A
CAU with a 3D thin-walled hollow hydrogel structure is obtained.

A simplified planar hydrogel in situ forming model (2D), as shown in Figure 3A, was used to investigate the

forming process. As shown in Figure 3B, a uniform Alg hydrogel layer formed in situ on the top surface of a
gelatin layer. As shown by the SEM image in Figure 3C, the two layers were clearly divided, where the Alg
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Figure 3. "Hydrogel in situ forming” process investigated by a simplified planar model

(A) Schematic of the 2D "hydrogel in situ forming” model: A simplified planar hydrogel in situ forming model (2D) was used to investigate the forming
process.

(B) A cross-section image of the Alg hydrogel forming process: A uniform Alg hydrogel layer formed in situ on the top surface of a gelatin layer. (Scale bar = 2
mm).

(C) A SEM image showing the microscopic morphology of the in-situ-formed Alg hydrogel: The Alg hydrogel layer and the gelatin layer were clearly divided.
(Scale bar = 100 and 20 um).

(D) Thickness-time curves for regulating the thickness of the in-situ-formed Alg hydrogel layers: The Alg hydrogel layers thicken over time at different
forming rates, influenced by the concentration of Alg precursor solution, the concentration of Ca®* and gelatin in the gelatin layer, and the thickness of the
gelation layer. See also Table S1. (Data are represented as mean + SD).

(E) The concentration of Ca®* for hydrogel gelation: Alg hydrogel layers formed or not after a sufficient formation time (8 h herein) with different concen-
trations of Ca®* and Alg.

hydrogel layer had an open-pore microstructure, while the gelatin layer had a denser closed-pore
microstructure.

Figures 3D i-iv show the thickness (6) of the Alg hydrogel layer as it formed over time. Four impact factors
were investigated, including the concentration of Alg precursor solution, the concentrations of Ca®" and
gelatin in the gelatin layer, and the thickness of the gelation layer. The experimental results show that
the formation rate of the Alg hydrogel layer increases significantly as the concentration of Ca?* increases.
The increase in the concentrations of Alg and gelatin obviously slows the formation of Alg hydrogel layers,
because the increasing viscosity of precursor solution and density of the gelation layer hinder the diffusion
of Ca®* ions. Else, the thickness of the gelatin layer, which affects the surface-volume ratio, had a relatively
small effect herein. This indicates that in the early period of the Alg hydrogel formation process, its
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Figure 4. Tensile tests for the mechanical data of the formed Alg hydrogel layers
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(A and C) Stress-strain curves and the mechanical data of Alg hydrogel layers formed with different concentrations of Ca*. (Data are represented as mean +

SD).

(B and D) Stress-strain curves and the mechanical data of hydrogel layers formed with different concentrations of Alg. (Data are represented as mean + SD).

See also Figure S1.

crosslinking is mainly induced by Ca2* ions on the surface of the gelatin layer, and the supplementation of
Ca”" ions from the bottom of the gelatin layer is not obvious, which may be due to the slow diffusion of Ca®*
ions in the dense gelatin layer. In addition, Figure 3E shows whether Alg hydrogel layers form on the surface
of gelatin layers after a sufficient formation time (8 h herein) with different concentrations of Ca®* and Alg. It
can be considered that the concentration of Ca®" is the major factor, and Alg hydrogel layers cannot form
when it is less than 0.01 M.

Tensile tests were conducted to obtain the mechanical data of the Alg hydrogel layers formed with
different concentrations of Ca®* and Alg. From the stress-strain curves shown in Figures 4A and 4B, the ten-
sile moduli, fracture strain, and fracture stress can be obtained, as shown in Figures 4C and 4D. The tensile
modulus and fracture stress increase with increasing concentrations of Ca* and Alg, possibly because of
the increasing density of ionic bonds and Alg chains. The fracture strain increases as the concentrations of
Ca?" increases, which may be because of the increasing density of ionic bonds, while it decreases as the
concentration of Alg increases, which may be because of the decrease in material uniformity due to the
longer forming time.

Actuation tests of CAUs

CAUs can be actuated continuously, which are controlled by the volume change of the driving fluids. The
actuation performances of the CAUs were tested and their actuation processes are shown in Figure 5. The
actuation processes were tested at a volume change rate of 3 mL/min.

LCCs performed a linear contraction motion to its maximum length change of contraction (4H) of appr.
6.431 mm, with a maximum relative length change of contraction (4H/H) of appr. 47.580%. TBCs performed
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(A-C) Actuation processes and actuation curves of LCC, TBC, and TCC-CCW/CW, respectively: CAUs were actuated continuously, controlled by the volume
change of the driving fluids. See also Videos S1, S2 and S3. (Scale bar = 2 mm; Data are represented as mean + SD).

(D) Output forces curves of CAUs as volume changes: The output forces increased with the increase of negative fluid pressure caused by volume change.

(Data are represented as mean + SD. See also Figure S3).

a tilting motion with a maximum angle change of tilting (48) of appr. 45.182°. TCCs performed a coupled
motion of twisting and contraction, with a maximum angle change of twisting (46) of appr. 51.092° (CCW)
and 51.845° (CW) and a maximum length change of contraction (4H) of appr. 6.639 mm (CCW) and
6.532 mm (CW) (4H/H = 54.258% (CCW) and 50.810% (CCW)). The actuation processes of the tested
TCC-CCW and TCC-CW were nearly symmetrical, as designed. In addition, their actuation speed can be
controlled by the volume change rate of the driving fluids, for examples, the CAUs completed a single actu-
ation stroke in appr. 4s when the volume of their driving fluids change at 12 mL/min (as shown in Videos ST,

S2 and S3).

The output forces of CAUs as volume changes were also tested. The output forces increased with the in-
crease of negative fluid pressure caused by volume change. In addition, from the output force curves of
LCCs fabricated with different concentrations of Alg, the LCCs made from higher concentration of Alg,

which results in larger tensile moduli in their Alg hydrogel layers, have larger output forces.

However, high concentration of Alg precursor solution results in poor fluidity that increases the fabricating

difficulty of preparing small structures and removing residual precursor solution, while high concentration

iScience 25, 104674, July 15, 2022 7
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Figure 6. Combinations of CAUs

(A) Actuation decoupling: A combination of a TCC and an LCC achieved an approximate single twisting motion through the coordination of their actuation
states. Likewise, a combination of a TCC-CCW and a TCC-CW achieved an approximate single twisting motion or an approximate single linear motion
(elongation & contraction). See also Video S4. (Scale bar = 10 mm).

(B) Actuation superposition: The combinations of multiple TBCs achieved a superimposed angle change of bending. See also Video S5. (Scale bar = 10 mm).

of Ca®* results in a rapid formation rate that reduces the operability of the fabrication processes. Tradeoffs
of actuation performance, preparation time, and manufacturability, herein, the tested CAUs and the appli-
cation demos as demonstrations were prepared with a moderate concentration of Alg (1.5% w/v) and Ca®*
(0.1 M).

Combinations of CAUs

In nature, biological actuation systems achieve more complex and flexible actuation through combinations
of multiple actuation units. With the modular design of CAUs, different combinations of multiple CAUs
were used to achieve different actuation modes and reprogramming of shape changes.

Combinations of multiple CAUs can realize motion decoupling. As shown in Figures 6A, combination of
one TCC and one LCC achieved an approximate single twisting motion through the coordination of their

8 iScience 25, 104674, July 15, 2022



iScience

¢ CellP’ress

(4-direction Bending)

front view side view

Figure 7. Reprogramming of actuation modes and shape changes

(A) Two different actuation sequences of a 2-TBC finger-like bending actuator determined whether a ball can be kicked. See also Video Sé. (Scale bar = 10

mm).
(B) On-demand actuation of a multiple-TBC actuator achieved a 4-direction bending motions. (Scale bar = 10 mm).

actuation states. Likewise, a combination of one TCC-CCW and one TCC-CW achieved an approximate
single twisting motion or an approximate linear elongation & contraction motion through two different
modes of actuation (as shown in Video S4).

Combinations of multiple CAUs can also realize actuation superposition. As shown in Figure 6B and Video
S5, a 2-TBC bending actuator, the combination of two TBCs, achieved a superimposed angle change of
bending, whose maximum were appr. 66°. In the same way, a 3-TBC bending actuator achieved a maximum
angle change of bending of appr. 88°. In addition, the independent actuation of each single CAU enables
the sequential actuation of their combination. (Videos S4 and S5).

What's more, combinations of multiple CAUs enable reprogramming of actuation modes and shape
changes. As shown in Figure 7A and Video Sé, two different actuation sequences of a 2-TBC finger-like
bending actuator determine whether a ball can be kicked. As shown in Figure 7B, a tentacle, consisting
of four TBCs that arranged in different directions, achieved a 4-direction bending motion through on-de-
mand actuation.

Application demos for different tasks

As shown in Figure 8, herein, a two-finger gripper and a three-finger gripper were demonstrated as simple appli-
cation demos for grasping applications. The two-finger gripper, consisting of two LCCs, was capable of picking
and placing an object, such as a weight-shaped object (which weighs 7.790 g, as shown in Figures 8A i, ii and
Video S7). What's more, benefiting from the controllable actuation of CAUs, objects of different widths (which
are1,2,4,6,8,12, 14, and 16 mm wide, respectively, as shown in Figure 8A iii) can be grasped successfully. As
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Figure 8. Simple application demos for grasping tasks

(A) A two-finger gripper: The two-finger gripper, consisting of two LCCs, was capable of picking and placing an object. Benefiting from the controllable
actuation of CAUs, objects of different widths (which are 1, 2, 4, 6, 8, 12, 14, and 16 mm wide, respectively) can be grasped successfully. See also Video S7.
(B) A three-finger gripper: The three-finger gripper, consisting of multiple TBCs, can hold and release an object like a hand. See also Video S8.

shown in Figure 8B and Video S8, the three-finger gripper, consisting of multiple TBCs, can hold and release an
object like a hand, such as a spherical object. Moreover, as shown in Figure 9 and Video 59, a TCC-CCW, a TCC-
CW, and an LCC were combined onto a two-finger gripper, which was capable of picking up a coin and inserting
it into a slot at a particular angle (90° relative to its original position herein). This demonstrated the potential of
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Figure 9. A two-finger gripper with twisting ability, performing a task of coin inserting
(A) ATCC-CCW, a TCC-CW, and an LCC were combined onto a two-finger gripper.
(B) It was capable of picking up a coin and inserting it into a slot at a particular angle (90° relative to its original position

herein). See also.

the fluid-driven hydrogel actuators with origami structures herein for further application in grasping tasks, per-
forming functions like fingers and wrists of human.

What's more, as shown in Figure 10 and Video S10, a combination of a TCC-CCW, a TCC-CW, and an LCC,
with a strip of electrically conductive copper film attached to its bottom face, was used as a multi-way switch
of an electric circuit. With the controllable actuation of CAUs, it was capable of aligning the copper strip
with pins of different circuits distributed in both directions through the angle changes of the two TCCs,
and adjusting the height of the copper strip to control the corresponding circuit on and off by the LCC.
As a demonstration, herein, it controlled the on and off states of lights of three different colors: yellow
(0°), green (22.5°), and red (—22.5°).

DISCUSSION

The introduction of origami structures to the design of fluid-driven hydrogel actuators has achieved diverse
actuation movements, including linear motion (elongation & contraction), twisting, and bending, whose
actuation states and actuation speeds can be simply controlled by the driving fluids. Owing to the config-
uration of crease structures, the cuboid hydrogel actuators tend to bend in the direction perpendicular to
the crease lines when driven by a negative fluid pressure. This guides them to fold directionally according
to the predesigned crease patterns and produce different types of actuation movements.

Compared with the existing fluid-driven hydrogel actuators (Yuk et al., 2017; Shintake et al., 2017; Zhang et al.,
2018; Mishra et al., 2020; Takishima et al., 2021; Mishra et al., 2021; Hardman et al., 2022), whose practical appli-
cations would be restricted by their lack of actuation diversity, the fluid-driven hydrogel actuators with origami
structures herein achieve more diverse actuation movements through different origami designs. With the
modular design thinking, combinations of multiple actuator modules can realize actuation combinations and re-
programming of actuation modes. The superposition of CAUs can realize the increase of the maximum actuation,
demonstrating that the modular design enables extensibility of actuation ability to CAUs, although due to the
gravity and the restriction of the end faces, the maximum actuation cannot reach the sum of the maximum actu-
ation of CAUs of equal number. The maximum actuation of multi-CAU combinations would be larger when they
actuate in the horizontal plane or in water. Moreover, the design methodology of origami structures for fluid-
driven hydrogel actuators is scalable and has the potential to be extended more complex origami design.

A facile fabrication strategy has been adopted for 3D thin-walled hollow hydrogel actuators with origami struc-
tures herein. Compared with molding methods (Shintake et al., 2017; Yuk et al.,, 2017; Zhang et al., 2018;
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conductive
copper film

Figure 10. A multi-way circuit switch, controlling three lights of different colors on and off

iScience

(A) A combination of a TCC-CCW, a TCC-CW, and an LCC, with a strip of electrically conductive copper film attached to its bottom face, was used as a multi-

way electric switch.
(B) Herein, it controlled the on and off states of lights of three colors as a demonstration. See also.

Hardman et al., 2022), this facile fabrication strategy is capable of fabricating 3D thin-walled hollow hydrogels
with complex shapes and structures. Unlike 3D printing methods for hydrogels (including direct-ink-write (Cheng
et al.,, 2019; Heiden et al., 2022) and stereolithography (Mishra et al., 2020; Mishra et al., 2021; Takishima et al.,
2021)), its equipment is readily available and low cost. The thickness and mechanical properties of the formed
thin-walled hydrogels can be regulated by adjusting the forming time and the processes of ion diffusion and
hydrogel crosslinking, including the concentration of the precursor solution, the concentration of initiators, prop-
erties of template materials, shape of templates, and so on. Moreover, the fabrication strategy has the potential
to be extended to other ionic crosslinked hydrogels (Ma et al., 2018a; Ma et al., 2018b; Lin et al., 2019; Zhou et al.,
2020), and even other initiator-induced chemical crosslinked polymers (Yu et al., 2019; Subraveti and Raghavan,
2021). This is of significance, as it can possibly be adopted with new hydrogel materials with better properties to
further enhance the performance of actuators. Furthermore, the combination of multiple materials would further
enable more innovative functions, and the applications of the fluid-driven hydrogel actuators with origami struc-
tures herein are expected to be further explored.

However, the mechanism of ion diffusion and hydrogel crosslinking can be further investigated for tem-
plates with complex 3D shapes, and a numerical simulation model based on hydrogel materials and fluid
actuation can be further built for CAUs design and fabrication optimization for different applications
through structural and material optimization, as well as for designing more complex origami structures
for different tasks.

In summary, aiming at the diverse actuation functionality for fluid-driven hydrogel actuators, a new struc-
tural design methodology based on origami structures was proposed and a facile fabrication strategy
based on removable templates and inside-out diffusion-induced in situ crosslinking was adopted for con-
structing 3D thin-walled hollow hydrogel structures. This would give hydrogel soft actuators new possibil-
ities to endow innovative functions for biomimetic soft robotics in research or engineering fields. Although
herein they are still a concept, the fluid-driven hydrogel actuators with origami structures are expected to
be used in practical applications, such as underwater and surgical tasks, in the future.

Conclusion

This paper proposes a novel type of fluid-driven hydrogel actuator with origami structures and a facile fabri-
cation strategy based on removable templates and inside-out diffusion-induced crosslinking. The fabrica-
tion process was investigated, where the thickness and mechanical properties of the formed hydrogels
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could be regulated by adjusting the ion diffusion process and the forming time. As a result, three basic
types of modular actuator units of linear motion, bending, and twisting were fabricated and their actuation
performances were tested. It demonstrates the feasibility and extensibility of origami structures for the
actuation diversity of fluid-driven hydrogel actuators. Moreover, multiple CAUs were combined to achieve
decoupling, superposition, and reprogramming of actuation. In addition, several simple application
demos of multiple-finger grippers and a multi-way circuit switch further demonstrated their potential for
further applications.

Limitations of the study

First, the shape and actuation of the CAU prototypes fabricated and tested in this paper have relatively
large variances due to manufacturing errors from their hand-made processes. Second, the mechanism
of ion diffusion and hydrogel crosslinking should be further investigated to better regulate the thickness
and mechanical properties of the formed thin-walled hollow hydrogels with complex 3D shapes. Third, a
numerical simulation model based on hydrogel materials and fluid actuation should be further built for
CAUs design and fabrication optimization, as well as for more complex origami design for different tasks.
Additionally, more practical applications need to be explored in the future.
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Anhydrous calcium chloride
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N,N’-methylenebisacrylamide
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2-methylpropiophenone
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Ethanol anhydrous

Co., Ltd (Shanghai, China)
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Aladdin Biochemical Technology
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Software and algorithms
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Other

Ultrapure water system (Synergy)
Optical microscope (CKX53)

Desktop scanning electron
microscopy system (Phenom XL)

Vacuum freeze dryer (Freezon-4.5L)
Tensile testing machine (Instron 5900)
Programmable syringe pump (LSP10-1B)
Tension tester (HLD-50N)

Digital camera (Dino-lite AM4115ZTL)

Merck Millipore
Olympus

Phenom Scientific

Labconco
Instron
Chemyx
HANDPI

AnMo Electronics

https://www.merckmillipore.com/CN/en

https://www.olympus-ims.com.cn/en/all-products/
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https://www.labconco.com/
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https://www.chemyx.com/

http://www.handpi.com/

https://www.dino-lite.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Shengli Mi (mi.shengli@sz.tsinghua.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
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METHOD DETAILS

Materials

Gelatin (~240 g bloom), sodium alginate (Alg, (C¢H;04Na),,, AR), Anhydrous calcium chloride (CaCly, AR, 96%),
Acrylamide (AAm, C3HsNO, AR 99.0%), N,N’-methylenebisacrylamide (MBAA, C;H1oN,0,, 99%), 2-Hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, HOCH,CH,OCgH,COC(CH3),OH, >98.0% (HPLC)),
Benzophenone (Ci3H100, 99%) were purchased from Aladdin Biochemical Technology Co., Ltd (Shanghai,
China). Ethanol anhydrous (EtOH, AR) was purchased from Xilong Scientific Co., Ltd. (Guangdong, China). All
chemicals were used without further purification. Ultrapure water was obtained using a Synergy ultrapure water
system (Merck Millipore).

Characterization of the "hydrogel in situ forming” process

Thickness-time curve

To investigate how to regulate the thickness of the formed thin-walled Alg hydrogels, a simplified planar
"hydrogel in-situ forming” model (2D) was used. First, anhydrous CaCl, and gelatin were dissolved in
ultrapure water at 65°C. A 10 X 10 mm gelatin layer was prepared by pouring the gelatin solution into a
silicone mold and solidifying it at 4 °C for 20 min. The obtained gelatin layers were transferred to another
silicone mold. The Alg precursor solution was poured on the gelatin layer and an Alg hydrogel layer formed
in-situ on the top surface of them at 17 °C. The thickness of the formed Alg hydrogel layers was measured
from its cross-sectional microscopy images (CKX53, Olympus). Three groups of samples for each factor
were prepared with varied compositions (see Table S1) and three replicates were used for each sample

group.

Microscopic morphology by SEM

Cryo-SEM images were obtained using a Phenom XL desktop scanning electron microscopy (SEM) system.
The hydrogel sample was frozen in liquid nitrogen and lyophilized using a vacuum freeze dryer
(Freezon-4.5L, Labconco). A local section was cut on the freeze-dried sample and then a gold coating
was sputtered on it using a vacuum ion sputtering apparatus, before taking the SEM images.

Mechanical test

Tensile tests were performed by using an Instron 5900 tensile testing machine. Dumbbell-shaped samples
(40 mm in test length, 4 mm in width, and 1 mm in thickness, as shown in Figure S1) were pulled at a tensile
rate of 10 mm/min until they fractured. Their failure strain and failure stress were taken from the fracture
point. The tensile modulus took the value of the secant slope in the linear section of the stress—strain curve
at 5-10% strain. Three replicates were used for each sample group.

Fabrication of CAUs

Preparation of gelatin cores

Dimensions of cuboid solid gelatin cores were 10 x 10 x 10 mm, and ridge and groove structures (with a
width of 2 mm, a depth of 1 mm, and an equilateral triangular shape cross section, as shown in Figure S2.)
were designed on each side faces for the formation of crease structures. The gelatin solution (0.1 M Ca?*,
20% w/v gelatin) was transferred to silicone molds and solidified at 4 °C for 20 min to fabricate cuboid solid
gelatin cores.

Preparation of the end faces and fluidic connection

AAm-Alg precursor solution (20% w/v AAm as the monomer, 0.2% w/v MBAA as the crosslinker, and 0.2% w/v
Irgacure 2959 as the photoinitiator for the PAAmM network; 1.5% w/v Alg in ultrapure water) was prepared and
then transferred into silicone molds for the 10 x 10 X 2 mm top faces and bottom faces. UV-irradiation (365 nm,
appror. 468 mW/cm?) was performed for 1.5 min at room temperature to crosslink a half-interpenetrating
network of the PAAm network with uncrosslinked Alg chains to form the top faces and bottom faces, and to
connect the silicone tubes with the top faces. Silicone tubes (1 mm ID/2 mm OD, 0.5 mm ID/1 mm OD) which
previously treated with benzophenone (10% w/v in EtOH) for 10 min were used as fluidic connections.

Fabrication process of CAUs

As shown in Figure 2, an assembly of a gelatin core and two end faces was immersed into a Alg precursor
solution (1.5% w/v) for 10 min at 17 °C. Then it was transferred into water at 75 °C and a syringe was used to
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suck out the melted gelatin through the fluidic connection. During this process, the Alg hydrogels folded in
accordance with its predesigned crease pattern and plastic predeformation occurred at the creases. The
obtained CAU was transferred into CaCl; solution (0.1 M) for 1 min to strengthen the connection between
the formed Alg hydrogels and the end faces.

Actuation test of CAUs
Actuation curves

The CAUs were actuated under water by pressurized water, which was driven by the preprogrammed injec-
tion and withdrawal operations of a programmable syringe pump (Chemyx LSP10-1B). Two digital cameras
(Dino-lite AM4115ZTL, ANMO) were arranged in the horizontal and vertical directions to record their actu-
ation in real time. Among them, for measured TCCs, a short-line pointer was marked on their top surface to
measure their twisting angle change. Length change of contraction (4H) of LCCs, angle change of tilting
(4B) of TBCs, angle change of twisting (46) and length change of contraction (4H) of TCCs were measured
at an injecting and withdrawing rate of 3 mL/min. Three replicates were used for each sample group.

Output force test

The devices and CAU samples for output force tests of CAUs are shown in Figure S3. The tested CAU was
actuated at a withdrawing rate of 3 mL/min and the output force (tensile force) generated by the tested
CAU was measured by a tension tester (HANDPI HLD-50N) as volume changes per 0.1 mL. Three replicates
were used for each sample group.

Combinations of CAUs and fabrication of application demos

The prepared CAUs were first arranged by a silicone mold, and appropriate volume of the AAm-Alg pre-
cursor solution was poured into cavities between their end faces, then treated by UV irradiation for 2 min
and immersed into CaCl; solution for 1 min. The actuation tests of CAU combinations and prototypes of
grippers were driven by air in the air.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean + SD, and Figures were produced by Origin 2018 from the raw data.
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