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11 Abstract: Actuators are essential components for intelligent machines that can fulfill certain tasks in
12 response to environmental stimuli. In recent years, actuators that can transform from a 2D ribbon
13 shape to a 3D helical configuration under certain external stimuli have attracted significant attention
14 due to the potential applications of the targeted helical structures in springs, propulsion generation,
15 and artificial muscles. Inspired by the chiral opening of Bauhinia variegate’s seedpods and the coiling
16 of the Towel Gourd tendril with perversions, researchers have made significant breakthroughs in
17 synthesizing state-of-the-art actuators capable of mimicking helical transformations. In this review,
18 we give a brief overview of the shape evolution mechanisms of these two plant structures and then
19 review recent progress in the fabrication of biomimetic helical actuators. These structures are
20 categorized by the stimuli-responsive materials involved, including hydrogels, liquid crystal
21 networks/elastomers, shape memory polymers, and multiwall carbon nanotubes. By providing this
22 survey on important recent advances along with our perspectives, we hope to solicit new
23 inspirations and insights on the development and fabrication of smart actuators, as well as the future
24 development of interdisciplinary research at the interface of physics, engineering, and biology.
25 Keywords: bioinspired; seedpod opening; tendril coiling; helical actuators; stimuli-responsive
26 materials
27

28 1. Introduction

29 Advanced actuators can deform in response to external stimuli such as heat, light, PH or
30  pneumatic pressure, making them excellent components in intelligent machines. Deformations
31  include planar expansion/contraction, bending, twisting, and complex motions that are in high
32 demand in applications such as soft robotics [1], metamaterials [2] and self-morphing structures [3].
33 Among these various actuation modes, helical actuation, in which a 2D flat sheet deforms into a 3D
34 helix and then winds or unwinds itself to provide contraction or rotary motion under external stimuli,
35  hasbeen attracting intense attention from applied mathematicians, physicists, and engineers alike.
36  The research motivation comes from two aspects. The first stems from the significant role of helical
37  shapes in both biological processes such as the seed’s penetration in soil [4] or the motion of E. coil in
38  body fluids [5] and in engineering applications including the propulsion of a swimming micro-robot
39 [6] or stretchable electronic devices [7]. The second motivation is that direct fabrication of a 3D helix
40  is difficult while 2D patterning has become easier as photo-lithography develops. It is therefore
41  important to determine how to make 2D to 3D helical actuation easier and more programmable, for
42 example, building upon the pioneering work on bi-layer beam bending by Timoshenko [8].

43 Nature teems with excellent examples of this type of shape transition. During the opening
44 process of the Bauhinia variegate pod, an initially flat pod valve changes into a helix through a
45  hydroscopic process [9]. Towel Gourd tendrils similarly coil while growing [10]. For the seedpod
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46  opening, the underlying mechanism originates from the oriented cellulose fiber distribution inside
47  the matrix [9]. The fiber reinforcement restricts the swelling/deswelling deformation of the organic
48  matrix along the fiber’s direction without much impact on the deformation perpendicular to the
49  reinforcement direction. As a result, anisotropic deformation of plant’s matrix leads to mechanical
50  frustration which can only be resolved by transitioning the planar shape into a 3D helical
51  configuration. For the coiling of Towel Gourd tendril, a hierarchical chirality which spans several
52 length scales was discovered interpret the transfer of the individual cells’ chirality into macroscopic
53 tendril coiling.

54 Inspired by the shape-shifting mechanism of Bauhinia variegate’s pod, researchers successfully
55  synthesized various actuators by using stimuli-responsive materials such as hydrogels [11], liquid
56  crystal networks/elastomers [12], and other functional materials. The radius and pitch of the targeted
57  helix are determined by several parameters, including the geometry and swelling/deswelling ratios
58  of different components. Another class of helical actuators is built to mimic the chirality transfer of
59 Towel Gourd tendrils by assembling the chiral build blocks to fabricate an artificial helix [13]. In this
60  example, the actuator is based on a two-level twisting of multiwall carbon nanotubes, which can wind
61  or unwind when exposed to vapor or electrical signal, ideal for applications such as artificial
62  muscles.

63 Here we provide a brief review on recent helical actuators that use similar actuation methods to
64  Bauhinia variegate’s pod opening and Towel Gourd tendril’s coiling. Our focus is to illustrate the shape-
65  shifting mechanisms of these two plants and introduce stimuli-responsive materials which can be
66 tailored to actuate in an equivalent manner. In section 2, helical actuators inspired from Bauhinia
67  wvariegate are introduced according to their type of functional material, including hydrogels, liquid
68  crystal networks/elastomers, and shape memory polymers. Each subsection is further organized
69  based on the kind of responsive stimuli, such as thermal or light. In section 3, we concentrate on the
70 coiling mechanism of Towel Gourd tendrils and present some biomimetic examples which exhibit the
71 tendril’s winding or unwinding behavior using carbon nanotubes. We close with an outlook on the
72 potential opportunities and future challenges in this field.

73

74 2. Helical Actuators Inspired from the Opening of the Bauhinia Variegate Pod

75 2.1. Opening Mechanism of Bauhinia Variegate’s Pod

76 2.1.1. Hydroscopic Motion in Plants

77 Plants can move in response to external stimuli such as a change in humidity or the approach of
78  prey. Examples includes the snapping of the Venus flytrap (Dionaea muscipla) [14], the opening of
79  pine cones [15], and the seed dispersal of wheat awns [16]. Different from muscle-actuated animal
80  motion, plant motion results from water-driven swelling or shrinkage of cells inside the tissue [17].
81  During these hydroscopic processes, the swelling or shrinkage of the tissue will usually be guided by
82  the microstructure of the cell wall where aligned cellulose fibrils are embedded. Resembling artificial
83  fiber-reinforced composites, tissue deformation along the fiber alignment direction will be restricted
84  while shape change perpendicular to the fiber orientation will be less affected. This anisotropic
85  deformation contributes to the sophisticated motion of plants.

86 One well-known example of humidity-driven plant actuation is the opening process of the
87  Bauhinia variegate pod valve (Figure 1a), the underlying mechanism of which is illustrated in [9]. The
88  microstructure of this seedpod consists of two fibrous layers. The fiber’s orientation in one layer is
89  perpendicular to the other, and both have a 45° angle relative to the long axis of the seedpod. When
90  the air is dry, the cells in the sclerenchyma tissue will lose water and make the tissue matrix shrink.
91  Owing to the cellulose fiber reinforcement, shrinkage only occurs perpendicular to the fiber’s
92  orientation in each layer, and the two layers in the seedpod valve shrink perpendicular to each other.
93 Asaresult, the thin pod valve prefers to adopt a saddle shape by bending into opposite curvatures
94  along two orthogonal directions, which can be proven by the mechanical analog in which two
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95  uniaxially stretched elastomer sheets are attached together (Figure 1b). This saddle shape will drive
96  the flat pod into a helix, which can be predicted using the non-Euclidean theory.
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98 Figure 1. The opening mechanism of the Bauhinia variegate pod. (a) A closed seedpod in a wet

99 environment (left) and the opened seedpod in a dry environment (right); (b) Mechanical analog of
100 seedpod opening by attaching two uniaxially stretched elastomer sheets together and cutting a ribbon
101 at an angle 8 with width w (top). The bilayer sheet adopts a saddle shape: illustrated (bottom left),
102 experimental (bottom right); (¢) The process to generate helices using a bilayer paper sheet reinforced
103 with fibers; (d) Design space for helix generation with respect to the fiber angle and the non-
104 dimensionalized width. (a) and (b) are from Ref. [9], reprinted from permission from AAAS; (c) and
105 (d) are from Ref. [18], reprinted from permission from AAAS.

106  2.1.2. Transition from Pure Twisting to Helical Coiling During Pod Opening

107 A detailed derivation shows that the radius r and pitch p of the final helical seedpod are
108  determined by several parameters including the intrinsic curvature k,, the angle between the fiber’s
109  orientation and seedpod’s long axis 6, the seedpod thickness ¢, and the width w. The influence of
110 these multiple parameters can be generalized into a dimensionless width i = w,/K,/t, which reflects
111 the relative magnitude of the bending energy and stretching energy [9,19]. Forterre et al. [18]
112 provided an overview of the parametric study with respect to this dimensionless width W and the
113 fiber misoriented angle 8 (Figure 1c). Fibers are aligned inside a paper sheet and two sheets are
114 bonded with a tilting angle between the fiber reinforcement. A helix can be generated when the
115  bilayer is swollen in water.

116 When W » 1, stretching is dominant. The Gaussian curvature K = k;k, (k; and k, are thetwo
117 principal curvatures) is zero everywhere to avoid planar stretching except at a boundary layer with
118  acharacteristic length scale /t/x, [9,19,20]. The seedpod coils into a cylindrical helix along either of
119 the two principal directions of the local saddle shape. When W « 1, the energy cost from bending is
120 high while stretching is favorable. The Gaussian curvature K can be negative while the mean
121 curvature H = (k; + k,)/2 will be zero to minimize bending energy. The seedpod twists itself to
122 accommodate the mechanical frustration while keeping the centerline straight. A transition from pure
123 twisting to helical coiling as W increases is not only observed in the pod valve, but is also
124 demonstrated via a mechanical analog by attaching two stretched elastomer layers together in
125  perpendicular directions [21]. Figure 1d quantitatively shows the impact of the fiber angle 6 and
126  dimensionless width W on the helix shape. When 6 = 45° and W is small, the ribbon twists itself
127  into a helicoid with a straight centerline. Deviation from this scenario will increase radius r and
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128  decrease pitch p, which forms a spiral helical shape until it rolls up into a circular shape when 6 =
129 90°oro0°.

130 2.2 Actuators Inspired from Bauhinia Variegate’s Pod

131 The mechanism of the chiral pod opening shows that a helix can be generated from any thin
132 ribbon-like structure if a local saddle is created at an angle to the long axis of the ribbon. This
133 mechanism is universal and can be realized, for example, by combining two layers with anisotropic
134 pre-stretch in perpendicular directions [22] or using chiral molecules and building blocks in a single
135  layer [23]. Such universality makes the Bauhinia variegate pod an outstanding prototype to inspire
136  further fabrication of helical actuators.

137 The following sub-sections are organized based on the type of the functional material used in
138  the helical actuator, among which are hydrogels, liquid crystal networks/elastomers, and shape
139  memory polymers. We hope that this summary provides useful information for researchers from
140  different fields for fabricating innovative bioinspired actuators.

141  2.2.1. Hydrogel-based Actuators

142 Hydrogels include a broad range of polymers and can be roughly defined as three-dimensional
143 networks swollen by a solvent [24]. Compared to other stimuli-responsive materials, hydrogels can
144 achieve reversible volume changes up to several folds when subjected to multiple stimuli such as
145  humidity, temperature, ionic strength, or light. They provide an efficient pathway to realize large
146  actuation via different controls. The open networks of hydrogels allow for subsequent chemical
147  modification such as the formation of interpenetrating networks and for embedded additives such as
148  stiff reinforcement or functional nanoparticles. This provides a variety of options to design actuators
149  that can responding to different types of external signals. For further information, one can refer to
150  Ref.[25].

151 Bulk hydrogels can only swell or deswell isotropically, which results in simple planar actuation.
152 More complex shape transformation relies on the hybrid hydrogels in which the material composition
153 varies either through the thickness [26] or along the planar directions [27-29]. Hu et al. [30] first
154  reported the utilization of hydrogel to fabricate a bilayer beam which bends in response to
155  mismatched strain between two layers. This pioneering work has inspired interest in hydrogel-based
156  shape morphing structures. Recently, a similar idea was used to construct smart hinges which can
157  fold or unfold microscale origami [31]. Utilizing an interpenetrating network formed through photo-
158  crosslinking, Wu and co-workers [32] successfully fabricated a single-layer heterogeneous sheet with
159  in-plane composition variation. The interaction between adjacent regions generates internal stress
160  which buckles the planer sheet into various three-dimensional configurations such as helices, domes,
161  orsaddle shapes [33]. The authors harness material heterogeneity to enable a single sheet to respond
162 to different stimuli, since each individual composition is sensitive to a specific stimulus. This greatly
163 broadens the number of actuation modes available to a single hydrogel actuator [33,34].

164 In this sub-section, we describe hydrogel-based actuators which mimic the chiral opening of the
165  Bauhinia variegate pod sorted by the type of stimulus: humidity, temperature, and pH. Embedded
166  reinforcement guides the anisotropic swelling or deswelling of the hydrogel once actuated and
167  creates an intrinsic saddle shape locally, leading to helical shape transformation.

168  2.2.1.1 Humidity-responsive Hydrogels

169 Water molecules can diffuse into or out of a hydrogel when humidity changes. When water is
170  adsorbed, the space between polymer chains increases and the hydrogel swells. This shape change is
171  isotropic, and its speed mainly depends on the rate of water diffusion.

172 Learning from nature, one could use fiber-like reinforcements to restrict deformation along the
173 reinforced direction [35]. The isotropic swelling or deswelling of a hydrogel can thus be transformed
174  into anisotropic deformation [36]. Zhang et al. [37] bury glass fibers inside agarose hydrogel as a
175  reinforcement to guide the bending of a hydrogel ribbon when it is exposed to humidity on one side.
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176 Gladman et al. [11] mimic the seedpod microstructure by 3D-printing the cellulose fibrils inside
177  the hydrogel matrix. By harnessing shear-induced alignment when the ink is ejected from the nozzle,
178  the cellulose fibrils are aligned along the longitudinal direction of the printed filament and hence it
179 s possible to locally control the fibril direction (Figure 2a). Once the hybrid hydrogel is swollen in
180  solution, the transverse swelling ratio of the filament becomes larger than the longitudinal swelling
181  ratio. This anisotropic swelling will yield a twisted helix when the filaments are aligned at +45°
182  relative to the long axis of the hydrogel ribbon (Figure 2b).
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184 Figure 2. Humidity-responsive hydrogel-based helical actuators inspired from Bauhinia variegate. (a)
185 Shear-induced alignment of cellulose fibrils along the printed filament (left) and anisotropic swelling
186 of the printed filament (right); (b) Helical shape generated by 4D-printed hydrogel; (c) Saddle shape
187 (bottom) from orthogonal patterns of filaments in two layers (top), the scale bar is 2.5mm; (d)
188 Biomimetic lily flower from 4D-printed hydrogel, the inset is the lily flower in nature and the scale
189 bar is 5mm; (e) Microplatelet-induced shape transformation from a planer sheet (left) to a helical
190 shape (right) after sintering, the radius and pitch of the helix are influenced by the ribbon’s width
191 from top to bottom (right). The scale bar is 25mm; (f) Microplatelet alignment in a bilayer sheet (left)
192 mimicking Bauhinia variegate and helical actuation of the synthesized hydrogel in water (right). The
193 scale bar is lcm. (a)-(d) are from Ref. [11], reproduced with permission, copyright 2016 Nature
194 Publishing Group; (e) is from Ref. [38], reproduced with permission; (f) is from Ref. [39], reproduced
195 with permission, copyright 2013 Nature Publishing Group.

196 The 3D-printing of stimuli-responsive materials that can programmably change shape is

197  sometimes referred to as 4D printing. This technique gives one more tunable variable to the 3D
198  printing, which makes it a powerful tool for designing stimuli-responsive structures [40].

199 The advantage of this biomimetic structure is that the 3D printing allows the filaments to be
200  arranged horizontally in plane or vertically based on the printing path. A bilayer with orthogonal
201  filaments will produce a saddle shape (Figure 2c). In-plane filaments allow for stretching while
202 vertical filaments allow for bending. Accordingly, the Gaussian curvature K, which is related to the
203  local stretching, and the mean curvature H, which depends on the bending, can be separately
204  controlled. This offers the possibility to design any arbitrary surface on demand, such as a calla lily
205  flower (Figure 2d).

206 The direction and distribution of the reinforcement can also be remotely controlled using
207  magnetic [41,42] or electric fields [43]. Erb and collaborators [39] used ultra-low magnetic fields to
208  guide the orientation of microplatelets (Al20s) coated with superparamagnetic nanoparticles in a
209  precursor solution. The orientation of the platelets was preserved during polymerization. By using
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210  two-step layer-by-layer fabrication and changing the magnetic field direction in each step, they obtain
211  abilayer hydrogel ribbon whose microstructure mimics the Bauhinia variegate pod. Like the seedpod,
212 thishybrid hydrogel ribbon can either purely twist itself as a helicoid or coil into a spiral helix (Figure
213 2f) when exposed to external stimuli depending on the ribbon’s width and reinforcement orientation
214 during the fabrication process. This fabrication method puts no strict restriction on the matrix as the
215  precursor solution does not severely retard the alignment of microplatelets during the curing process,
216  which substantially broadens the scope of available materials and responsive stimuli. For example,
217  such a mechanism can be realized via humidity-responsive gelatin, thermal-responsive hydrogel
218  PNIPAM or even rigid ceramics [38] which shrink during the sintering process, and a similar
219  transition from a helicoid to a spiral helix is also observed when the width increases (Figure 2e). This
220  prototype can locally control the microplatelet orientation on demand, which makes it possible to
221  program the target shape by spatially varying the reinforcement directions.

222 2.2.1.2 Thermally Responsive Hydrogels

223 Some hydrogels will shrink when the temperature exceeds a low critical solution temperature
224 (LCST) [24]. One example is PNIPAM (Poly(N-isopropylacrylamide)), which is commonly used as a
225  thermally responsive material for actuation purposes. When the temperature reaches the LCST, a
226  hydrophobic interaction between polymer chains leads to a molecular transition from hydrophilic
227  coil to hydrophobic globule [42], expelling water from the network.

228 Thermally responsive hydrogels can be actuated by either directly increasing the temperature of
229  the surrounding environment or by incorporating heat generating additives inside the network. Yu
230  and coworkers harnessed the Joule heat generated by embedded electric circuits to control the
231  swelling and deswelling of bulk hydrogel PNIPAM [44]. Hayward’s group utilized the surface
232 plasmon resonance of gold nanoparticles to convert light at specific wavelengths into thermal energy
233 to bend [45] or buckle a gel sheet [46]. The responsive wavelength is controlled by the size of the
234  nanoparticles. The near-infrared photothermal property of carbon-based materials such as carbon
235  nanotubes [47] or reduced graphene oxide [48,49] can also be employed to achieve fast, reversible
236  actuation of thermally responsive hydrogels.

237 S. Armon et al. [23] embedded rigid threads in the top and bottom surfaces of a NIPA gel sheet
238  as fiber reinforcements. When the temperature rises beyond the LCST, the NIPA gel will shrink and
239  twist itself or coil into a helix influenced by the thread restriction (Figure 3a). The transition from
240  pure twisting to spiral helix happens as the shrinking ratio increases, which agrees with the
241  theoretical analysis in which the dimensionless width W is related to the swelling/shrinkage induced
242 curvature k, as W = wy/k,/t.
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244 Figure 3. Thermally responsive hydrogel-based helical actuators inspired from Bauhinia variegate. (a)
245 Transition from a twisted helicoid to a spiral helical shape as the shrinkage ratio of hydrogel increases
246 with rising temperature; (b) Schematic illustration of helical transformation in a tri-layer hydrogel
247 composite (top) and a helical hybrid hydrogel with right-handedness (bottom left) or left-handedness
248 (bottom right) under an optical microscope; (c) The relationship between the helix pitch and the
249 dimensionless width; (d) The relationship between the helix pitch and the reinforcement angle; (e)
250 Complex shapes obtained by connecting helices with different lengths or handedness including
251 triangle (top), square (middle) and zigzag (bottom). The insets are 2D precursors of the hydrogel
252 sheets during photo-crosslinking. (a) is from Ref. [23], reprinted with permission from The Royal
253 Society of Chemistry; (b)-(e) are from Ref. [50], reprinted with permission from 2017 Wiley.
254 Jeon and coworkers [50] photo-crosslink a microscale tri-layer structure where the middle layer

255 is the soft hydrogel poly(N,N-diethylacrylamide-co-acrylamidobenzophenone) (PDEAM-BP)
256  sandwiched by two rigid passive polymer layers. The outer layers are parallel strips, and the
257  orientation of strips in one layer is kept orthogonal to those in the other layer. The strip pattern,
258  including the angle relative to the long axis of the ribbon, the width, and the spacing is controlled by
259  aphotomask. Upon swelling in a buffer solution, the flat ribbon will coil into a helix (Figure 3b), the
260  handedness, pitch and radius of which are determined by the dimensionless width W and the angle
261  of the parallel strips. This relationship resembles the previous theoretical analysis performed by
262  Armonetal. [9]. A sharp decrease in pitch is found when the dimensionless width exceeds the critical
263  point and thus a twisted shape will transition into a spiral helix (Figure 3c), a 45° tilting angle will
264  produce a twisted helix, and 0° or 90° angle will give a ring shape (Figure 3d). Since the hydrogel is
265  also responsive to heat, increasing temperature will decrease the swelling ratio of the middle layer
266  and untwist the helix.

267 The patterned strips in Jeon’s work play a similar role in determining the final shape to the
268  cellulose fibers in the Bauhinia variegate pod. The rigidity of these strips makes the nearby hydrogel
269  swell perpendicular to the strip’s direction, and the orthogonal strip alignments in the top and bottom
270  layers form an intrinsic saddle shape which drives the flat ribbon into a helical shape. Optical
271  microscopy images show that the strips on the outer side of the helix orient along the helix axis
272 (Figure 3a) to minimize the stretching and bending in these strips [51].

273 One advantage of photo-crosslinking is to create an arbitrary 2D geometric pattern with high
274  spatial resolution. More complex shapes at the microscale can be acquired by patterning strips with
275  different angles on specific regions of one monolithic hydrogel ribbon, yielding concatenated helices.
276  Various shapes such as a zigzag, square, or triangle can be produced by tuning the strip angles in
277  different regions (Figure 3e). Jeon et al. also demonstrate that the block angle, torsion angle, and
278  length of the connected helices can be separately programmed, providing a feasible method to
279  fabricate arbitrary 3D curves.

280  2.2.1.3 pH Responsive Hydrogels

281 Polymer chains in hydrogels can carry ionic groups, and the network usually stays neutral since
282  the oppositely charged ions balance themselves [24]. However, an environment change such as pH
283  variation will cause the ions to diffuse in or out of the network, resulting in negatively or positively
284  charged chains. The electrostatic repulsion between the charged chains or the destruction of the
285  previous physical crosslinks such as hydrogen bonds increases the interspace, and the hydrogel
286  swells.

287 Based on the synthesis of an interpenetrating network by photo-crosslinking the monomer
288  solution of one gel in another formed hydrogel matrix, Wang and coworkers [52] use a three-step
289  photopolymerization to fabricate a hybrid hydrogel (Figure 4a). They first photo-crosslink parallel
290  strips of PAA guided by a photomask and leave the strips on the templates. Then they place two
291  templates face to face with an angle between the strip orientations and control the gap using spacers.
292 Injecting a solution of PNIPAM inside the space between the two templates and photo-crosslinking
293  the PNIPAM precursor will form a heterogenous structure which contains an interpenetrating
294  network of PAA/PNIPAM and a single network of PNIPAM. The parallel PAA/PNIPAM strips act
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like cellulose fibers while the single network PNIPAM resembles the matrix, mimicking the
microstructure of the Bauhinia variegate pod. Since PAA/PNIPAM swells in basic solution while
PNIPAM is insensitive to base, this composite hydrogel will shift into a helix when pH=9.

ST,

Righthanded Right handed Right handed

O TWEID

Left handed Rolls Right handed

pH=9

Figure 4. pH-responsive hydrogel-based helical actuators inspired from Bauhinia variegate. (a)
Schematic illustration of the three-step photo-crosslinking of PAA/PNIPAM hybrid composite guided
by a photomask. The green strips are PAA while the grey part is PNIPAM. The photomask is made
by drawing black lines; (b) Shape transformation of P(VI-co-AAM)-PNIPAM-PAA hybrid hydrogel
when pH changes from 9 to 1. The brown, grey and green parts are P(VI-co-AAM), PNIPAM and
PAA, respectively. The upper figures show the strip orientations in the top and bottom layers. The
helix can change its chirality (left), roll into a circular shape (middle), or flip itself without changing
chirality (right) when the strips in top layer swell in an acid environment, shown both in the schematic
and experimentally. The scale bar is 1cm. (a) and (b) are from Ref. [52], reprinted permission from
The Royal Society of Chemistry.

The multi-step photopolymerization based on the bonding of new monomers to the existing
network makes it easy to integrate multiple stimuli-responsive hydrogels into one monolithic gel,
which enables the selective actuation of a single actuator. Wang et al. replace PAA strips in the upper
layer with poly(1-vinylimidazole-co-acrylamide) (P(VI-co-AAM)), which can swell as a response to
acids while the bottom layer is kept unchanged. Consequently, changing pH from 9 to 1 can either
switch the chirality or flip the helix according to the strip orientation in the top and bottom layers
(Figure 4b).

2.2.2. Liquid crystal networks/elastomers-based Actuators

Liquid crystals (LCs) were first recognized as a new phase in 1888 by Austrian botanical
physiologist Friedrich Reinitzer, which can flow as liquid while preserve their crystalline molecular
structure. This state of matter can not only be found in low-molar-mass chemicals which have
revolutionized the display market, but also can be realized in polymeric materials.

Polymers that share the properties of LCs can be categorized into liquid crystal polymers (LCPs),
liquid crystal polymer networks (LCNs), and liquid crystal elastomers (LCEs). LCPs have un-
crosslinked linear mesogenic groups (which induce the liquid crystal phase to the polymer) and
undergo the smallest molecular order change (which leads to deformation at the macroscopic scale)
when subjected to stimuli. LCNs have a medium to high crosslink density and have a moderate order
change as a response to stimuli. The cross-link density effect on the thermal response of LCN is
revealed by Wie et al.: lower density means lower temperature threshold of the thermally-induced
shape change and larger deformation [53]. Lastly, LCEs are a subset of LCNs that are lightly
crosslinked. Stimuli can trigger relatively large deformations of materials composed of LCE. For
detailed information of the microstructure and classification of liquid crystal polymers, please refer
to the excellent review paper by White and Broer [54].

LCNs or LCEs can change their shape as a response to external stimuli such as temperature
(thermotropic), light (phototropic), or solution concentration (lyotropic), which allows them to
function as soft actuators for a wide range of potential applications such as medical devices,
microfluidic and microelectromechanical systems, artificial muscles and soft robotics [55-58]. Unlike

d0i:10.20944/preprints201807.0094.v1
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336  the isotropic swelling or shrinkage of hydrogels, LCNs or LCEs can undergo anisotropic responsive
337  deformation which originates from their heterogenous microstructures in which the molecular order
338  is reduced when triggered by external stimuli. This reduction of molecular order will lead to
339  expansion perpendicular to the molecular orientation and contraction along the molecular direction.
340  This anisotropic response is inherent in LCN or LCE microstructures without the introduction of
341  additional reinforcement or the integration of different material compositions, which is a distinct
342  advantage compared to the hydrogel system. Recent progress on designing programmable self-
343  morphing LCNs materials can be found in these extensive reviews [59-65].

344 For LCNs or LCEs, the shape transition is dictated by the programmable molecular orientation
345  inside the matrix. By orienting the directors along the thickness of the LCN film, various types of
346  LCN canbe achieved such as planar-, vertical-, hybrid-, and twist-nematic configurations (Figure 5a).
347 A uniform planar or vertical alignment will lead to a purely planar expansion or contraction while a
348  nonuniform distribution of the director orientation such as the hybrid or twist alignment will buckle
349  the flat sheet into 3D configurations. Urayama summarized studies on thermally triggered
350  deformations including spiral and helix formation that arise from these different types of director
351  configurations [66].
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353 Figure 5. Nematic configurations and formation of helix/spiral induced by temperature variation. (a)
354 Planar-, vertical-, hybrid-, and twist-nematic configurations of a LCN; (b) Formation of a helicoid
355 ribbon from narrow TNE film at 330 K; (¢) Inverse of the twist pitch (1/pr) as a function of normalized
356 temperature (T/Tni, where Tni is the nematic-isotropic transition temperature). Positive and negative
357 pr indicate left- and right handedness, respectively. Red circles and blue squares represent data of L-
358 and S-geometry, respectively. Filled symbols indicate data obtained in cooling processes and open in
359 heating processes. Theoretical predictions are represented by lines; (d) Formation of a spiral ribbon
360 from the wide TNE film at 336 K; (e) Inverse of the helical pitch (1/pn) and the diameter (1/d) as a
361 function of T/Tni. Positive and negative pu indicate left- and right handedness, respectively. Red
362 circles and blue squares represent data of L- and S-geometry, respectively. Filled symbols are data for
363 1/d and open symbols are data for 1/pn. Theoretical predictions are represented by lines; (f) Various
364 simulated helical shapes corresponding to different off-axis angles. Simulation performed by Vianney
365 Gimenez-Pinto. (0). Figure reprinted with permission from: (a) reference [66], Elsevier; (b)-(e)
366 reference [12]; (f) reference [67], American Physical Society.
367 Among these different microstructures, twist-alignment LCNs or LCEs in which the director

368  rotates left- or right-handedly by an angle (usually 90°) from the bottom to top surface can generate
369  ahelical shape in response to stimuli. This actuation behavior resembles seedpod chiral opening and
370  shares a similar mechanism if we only consider the regions near the top and bottom surfaces. The
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371  anisotropic swelling near the top is perpendicular to the bottom due to the orthogonal molecular
372 directions. It creates intrinsic saddle shape which twists the flat sheet into a helix.

373 In the following sub-sections, we focus on the helical actuations of LCNs or LCEs that mimic the
374 Bauhinia variegate pod opening in terms of the responsive stimuli ranging from the most widely used
375  ones, heat and light, to less-frequently used ones including chemical, humidity, and water.

376  2.2.2.1 Thermally responsive LCNs or LCEs

377 Heat is the most common stimulus for polymeric LC materials by far in that it can trigger
378  deformation without any additive doped into the material or reliance on a multilayer structure. This
379  inherent property is due to the opposite sign of thermal expansion along different directions of the
380  molecular alignment (director) in the polymer. For example, upon heating, the thermal expansion
381  parallel to the director is negative and much larger than that perpendicular to it in LCE, while in LCN
382  thethermal expansion parallel to the director is negative to and much smaller than that perpendicular
383  toit [54,57,68]. The anisotropic thermomechanical response of LCEs and LCNs are triggered due to
384  the heterogeneity in the direction of local molecular alignment of the material. This is different from
385  other thermally induced mechanical responses that rely on heterogenetic sensitivity to stimuli or
386  compositions, such as a bilayer structure containing a passive layer and an active layer [54].

387 Sawa et al. studied how the microscopic chiral alignment of mesogens in twisted-nematic-
388  elastomer (TNE) films transfers to the macroscopic formation of helical ribbons [12]. They created
389  TNE films with the director left-handedly rotating by 90° from the bottom to the top surface by
390  photopolymerizing the mesogenic monoacrylate and crosslinker in a nematic solvent with chiral
391  dopants. The mutually perpendicular directors at top and bottom surfaces are formed by
392 corresponding substrates coated by a uniaxially rubbed polyimide layer. They cut out the long ribbon
393 specimen from the film in a way that the director at the middle plane is either parallel to the long axis
394  (L-geometry) or the short axis (S-geometry) of the ribbon.

395 Through both experimental observation and theoretical modeling, they find that for both the S-
396  and L-geometry, the width of the specimen determines what shape it forms. A narrow ribbon forms
397  ahelicoid (Figure 5b) and a wide one forms a spiral ribbon (Figure 5d). This behavior resembles that
398  of a seedpod and can be explained by the domination of the bending energy (in the narrow case) or
399  thestretching energy (in the wide case) as discussed in section 2.1. Quantitative models capturing the
400 transition from helical to spiral structure in a TNE ribbon have also been proposed [69,70]. In the
401  narrow case, temperature variation will change the twist pitch (pr) of the helicoid (Figure 5c). In the
402  wide case, it will change the helical pitch (pn) and diameter (d) of the spiral ribbon (Figure 5e). In
403  both cases (Figure 5¢, 5e), handedness reversions are involved and the shape changing processes are
404  thermally reversible. The structural parameters (e.g. pr, pn, and d) of the TNE ribbons are no longer
405 dependent on temperature variation once it is greater than the nematic-isotropic transition
406  temperature (Tn1 = 367K).

407 Intuitively, one might ask what shapes TNE ribbons will form if the director at the mid-plane of
408  the film is not along the long or the short axis of the ribbon (i.e. not S- or L-geometry). Sawa et al.
409  examine the shape evolution of off-axis TNE ribbons as a function of temperature using experiments
410  and finite element analysis (FEA) [67]. They show that when the director at the mid-plane is off axis,
411  the ribbon will not shape into helicoids but into distorted spiral ribbons. They predict the varying
412  spiral shapes with respect to different off-axis angles (0) using FEA simulation (Figure 5f).

413 The formed helix/spiral shape of the TNE upon heating will return to its original shape
414  immediately upon removal of the heat source. Lee et al. designed an autonomous shape fixing
415  procedure that retains the spiral ribbon structure of a TNE film even after the heat stimulus is
416  removed [71]. This hands-free shape fixing ability is obtained by rapid cooling. In a dynamic
417  mechanical analysis, they demonstrate that this technique retains up to 96% of the strain (an indicator
418  of deformation) in the shape after cooling. Furthermore, if the formed shape is under an external
419  mechanical constraint (e.g. tweezers and adhesions) the cooling rate can be moderately slower.

420 Researchers have investigated many other mechanisms based on the planar patterning leading
421  tohelical/spiral actuation using a single-layer LCE film. By using photopatterning techniques, spatial
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422 variation of the domain orientation in monolithic TNE films [71] and dual-phase (nematic and
423  isotropic) monolithic LCE films [72] have been fabricated to form helical shapes. The shape
424  transformation can also be achieved by assigning LCE films with different compositions or nematic
425  configurations [73]. Finally, instead of using single-layer twist nematic LCNs, LCEs are used in bi-
426  layer structures to form helical/spiral ribbons. Agrawal et al. have constructed a LCE-polystyrene
427  bilayer, in which the polystyrene (serving as the constraining layer) is deposited on the LCE film with
428  a certain angle and curls into a helical shape upon heating [74]. Boothby and colleagues have also
429  designed a bilayer structure that is composed of a layer of hydrophilic polymer (serving as the
430  constraining layer) and a layer of LCE [75]. As temperature increases, the LCE layer stretches in the
431  direction perpendicular to the molecular director which is 45° to the long axis of the LCE ribbon,
432 leading to a helicoid. When the temperature drops to room temperature, a spiral ribbon is formed.

433 2.2.2.2 Light-responsive LCNs or LCEs

434 Light is another attractive source of stimulus to induce a macroscale mechanical response of
435  LCNsbecause it is readily available, versatile, and controllable. An increasing number of studies have
436  investigated the conversion of light into motion of LC-based soft actuators [54,55,76]. We only focus
437  on those works that produce motions mimicking the opening of seedpod (i.e. the formation of a 3D
438  helical/spiral structure from a 2D ribbon).

439 A detailed preparation protocol for an LCN based photo-responsive soft actuator is described
440 by lamsaard et al. [77]. Briefly, azobenzene is introduced into the LCN'’s covalent structure to serve
441  as a molecular photochromic switch. The host matrix is a mix of low molecular-weight nematic LC,
442 acrylate-functionalized nematic LC, and a photoinitiator. The mixture is doped with chiral dopants
443 that generate a 90° smooth twist between the top and bottom surfaces.

444 The formation of a helical shape of this material induced by ultraviolet (UV) light was observed
445  in 2005 [78]. Later, researchers deliberately studied the winding and unwinding motion of the helix
446  formed by LCN ribbons [79]. As shown in Figure 6a, in addition to the findings on how the ribbon
447  cutting angle (¢) determines the pitch and handedness of the helical shape, lamsaard and colleagues
448  have some interesting new discoveries. They observe that under irradiation with UV light the helical
449  pitch decreases in left-handed ribbons and increases in right-handed ribbons and therefore large
450  contractions and elongations of the ribbon are generated. They also witness the inversion of the helix
451  from right-handed to left-handed when the ribbon is irritated by UV light at large cutting angle.
452  Similar to the mechanism of deformation induced by heat, these shape changes of LCN with
453  photoresponsive dopants irradiated by light are consequences of anisotropic deformation at a
454  microscopic level: molecules contract along the director and expand in perpendicular direction

455  (Figure 6b).
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457 Figure 6. Light-induced helical motion. (a) Change in pitch and inversion of handedness of spiral
458 ribbons cut at different angles (¢) irradiated by UV light; (b) Anisotropic deformation at the molecular
459 level: shrinkage along the director and expansion in the direction perpendicular to the director; (c) A
460 proof-of-principle for an actuator capable of performing complex motion: the kink in the middle
461 connecting helices of opposite handedness shows a smooth push-pull motion. Figure reprinted by
462 permission from reference [79], Springer Nature.
463 The authors demonstrate a proof-of-concept of a photomechanical actuator in response to

464  alternating UV and visible light. This actuator consists of an LCN-based ribbon with opposite
465  handedness on two sides connected by a kink that performs continuous push-pull motions like a
466  piston (Figure 6¢). Finally, a biomimetic bilayer soft actuator is developed using LCE that can perform
467  chiral twisting motions when irradiated by UV [80]. The top and bottom ribbon layers have different
468  photo-responsive properties and are glued to each other with a tilted angle (Fig. 5e). This angle
469  determines the chirality of the formed helix (Fig. 5f).

470  2.2.2.3 Other stimuli-responsive LCNs or LCEs

471 Other stimuli that actuate LC based shape transformations also have caught researcher’s
472  attention in recent years. We briefly review several examples of actuations by chemical-, humidity-,
473  water-, and magnetic- stimuli.

474 Boothby et al. have examined LCEs as chemoresponsive actuators [81]. They experimentally
475  show that TNE ribbons form into twisted shapes in response to tetrahydrofuran (THF) as the
476  chemical stimulus in liquid or in vapor form (Figure 7a). This TNE can even carry a weight 100 times
477  heavier than itself and twist into a helicoid and a helix as a function of time (Figure 7b).
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479 Figure 7. Formation of a helical shape triggered by other stimuli. (a) TNE ribbon in air, THF liquid,
480 and THF vapor; (b) TNE ribbon remaining flat in air and curling into a helicoid and a self-contacting
481 helix in THF vapor as a function of time; (c) A bilayer LCN ribbon, in which the director is 45° to the
482 long axis of the ribbon, showing left-handedness when dried and right-handedness when wet; (d) A
483 bilayer LCN ribbon, in which the director is -45° to the long axis of the ribbon, exhibiting a smooth
484 transition in shape from flat to curled as humidity decreases; (e) Ribbons cut at different angles (A: 0
485 % B: 22 %, C: 45 ©) on a single-layer LCE film in which the director is in the horizontal direction; (f)
486 Formation of different helically coiled shapes of A, B and C in response to water exposure. Figure
487 reprinted with permission from: (a) and (b) reference [81], Elsevier; (c) and (d) reference [82],
488 American Chemical Society; (e) and (f) reference [83], American Chemical Society.
489 Humidity in air has proven to be an effective controlling parameter to determine the extent of

490  curling of an LC polymer. Instead of using a monolithic TNE ribbon, a bilayer planar aligned LCN
491  ribbon is fabricated by De Haan et al. [82]. The two layers are attached to each other in a way that the
492  angle between their directors and the long axis of the ribbon is -45° (Figure 7c). When the ribbon is
493 wet on the activated side, it curls into a right-handed helix, and when it is dried, it reverses to a left-
494  handed helix. When the angle is 45°, however, the ribbon is flat when it is exposed to high humidity
495  and right-handed when exposed to low humidity. This asymmetry is achieved by locally converting
496  the uniaxially aligned LCN film to a hygroscopic polymer salt that swells perpendicular to the
497  director. It is also shown that the extent of curling of the specimen depends on the humidity level it
498  is exposed to (Figure 7d).

499 A single-layer actuator based on LCE that changes shapes in response to water/acetone is
500  designed by Kamal and Park [83]. The asymmetric deformation (including forming a spiral shape) of
501  the LCE-based ribbon mainly arises from the nematic-isotropic transition and a porous gradient in
502  the thickness direction (i.e. during photopolymerization, the UV-exposed side is smooth while the
503  other side is highly porous). After a straight ribbon is cut from the LCE film and immersed in water,
504 it will form a spiral shape of a certain pitch depending on the angle between the long axis of the
505  ribbon and the orientation of the director of the LCE (Figure 7e, 7f). This process is reversed when
506  the curled ribbon is immersed in acetone.

507 Lastly, via incorporating magnetic nanoparticles in LCE-based materials, soft actuators
508  stimulated by magnetics field can be obtained [84-86]. However, this technique has not yet been used
509  to enable helical/spiral shape formation.

510  2.2.3. Shape Memory Polymers-based Actuators

511 Shape memory polymers (SMPs) which can switch from a temporary state to a permanent state
512 under external stimuli such as heat [87] or specific chemical solution [88] are widely used in actuation
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513  systems since the shape transformation is usually predictable and easily programmed [89,90].
514  Although shape memory polymers have a wide variety of possible shape-change mechanisms, they
515  generally involve a glass transition temperature T;. Below this temperature, the polymer is stiff and
516  glassy, while above it the polymer is rubbery and can flow to relax the internal residue stress.
517  Typically, to employ the memory effect of SMPs to achieve actuation, one needs to deform the initially
518  stress-free shape memory polymers and then decrease the temperature below T, during which the
519  deformation needs to be held at all time. After this shape fixing stage, due to the interaction between
520  polymer chains, SMPs cannot recover to the previous shape. When the temperature is later increased
521  above Ty, the polymer chains can then slip with each other like rubble and SMPs can thus relax the
522  internal stress and deform back to its permanent configuration [91].

523 Based on the shaping fixing and recovery of SMPs, Robertson and coworkers [92] fabricate a
524  shape memory laminated composite which can coil into a helix upon heating. During the fabrication
525  process, they first electrospin aligned poly(vinyl acetate) (PVAc) fibers guided by the electric filed
526  and then infiltrate the fiber’s interspace with poly(dimethylsiloxane) (PDMS) precursor (Figure 8a).
527 A single-layer elastomeric composite reinforced with unidirectional fibers is obtained after curing
528  process, which is later used to fabricate a bilayer mat by adhering two single-layer laminas. The
529  adhesion is realized via curing the uncrosslinked PDMS and the tilting angle between the fiber’s
530  directions in two layers can be tuned before the stacking step.
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532 Figure 8. Shape memory polymers-based helical actuator inspired from Bauhinia variegate. (a)
533 Schematic illustration of the fabrication process of the shape memory elastomeric composite; (b)
534 Experimental images of the coiled bilayer composites after heat treatment. The radius and pitch
535 depend on the tilting angel between fiber’s directions in two layers. The left corner of each image
536 shows the tilting angel and the scale bar is 4mm. (a) and (b) are from Ref. [92], reprinted with
537 permission from The Royal Society of Chemistry.
538 The shape memory effect of this composite relies on the shape recovery of the PDMS matrix and

539  shape fixing ability of PVAc fibers. PVAc fibers can develop plastic strain below T and relax it when
540  the temperature exceeds the critical point. Therefore, the mechanical stretching below Tg of the
541  laminate composite will produce plastic strain inside PVAc fibers which then get relaxed during the
542  heating treatment. Because of the tilting angle between fiber reinforcements in two layers, the strain
543  relaxation leads to mechanical frustration and coils the composite sheet into a spiral shape like the
544  pod’s opening of Bauhinia variegate. They also find that the variation of the tilting angle will change
545  the pitch and radius of the spiral shape, sharing the similar behavior with other seedpod-inspired
546  synthetic actuators (Figure 8b).

547

548 3. Helical Actuators Inspired from Towel Gourd Tendril’s Coiling

549  3.1. Coiling Mechanism of Towel Gourd Tendrils

550 In addition to the chiral pod opening of Bauhinia variegate, another vivid example in the plant
551  kingdom which exhibits helical shape evolution is tendril coiling, whereby an initially straight tendril
552 can not only coil into a spiral shape but also develop co-existing left-handed and right-handed
553  segments connected by perversions for enhanced structural support [10]. Once it attaches to a
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support, an asymmetrical contraction of fibers will form an intrinsic curvature by virtue of differential
lignification, water transportation, and orientation of cellulose fibrils. It will further wind the tendril
to pull itself to a higher place for more sunshine, since twisting is energetically favorable versus
bending, and the perversion is always formed due to a topological constraint (Figure 9a) [93]. For
further information with respect to perversion formation, readers can refer to Ref. [94-99].

(b) ()

cell bundle
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Figure 9. Coiling mechanism of Towel Gourd tendrils. (a) Towel Gourd tendril coils into a spiral shape
with left-handedness when the end is free (left) and forms a perversion connecting the right-handed
and left-handed sections once it attaches to a support. 'LH” and ‘RH’ represent left-handed and right-
handed, respectively; (b) Image of helical cellulose fibril inside cell’s matrix under scanning electron
microscope; (¢) Hierarchical chirality inside Towel Gourd tendril from the molecular level to the
macroscopic shape. (a)-(c) are from Ref. [10], reprinted permission from Nature Publishing Group.

Tendril perversion provides inspirations for a number of engineered structures with interesting
mechanical properties. For example, Gerbode et al. [93] designed twistless springs by bonding two
layers of differentially pre-stretched silicone rubber sheets cut along the uni-axial pre-stretch
direction. The ribbon hence has an intrinsic curvature and will form a twistless spring with a left-
handed and a right-handed helix segment connected by a perversion when it is clamped at both ends
and stretched axially. They also systematically investigated the unwinding and overwinding
behavior of the physical model and the tendril fiber ribbons, and concluded that the existence of
intrinsic curvature, topological constraints, mechanical asymmetry and the large bending rigidity to
twist rigidity ratio together contributed to the interesting springy behavior of the tendril structure.
Liu et al. [94] and Huang et al. [97] used a similar physical model but further established theoretical
and finite element analysis on the formation of hemihelices. They found that for bilayer strips with a
rectangular cross-section the formation and the number of hemihelices depend on the aspect ratio of
the cross-section, thus providing the basis for designing springs made of these hemileces from
initially flat strips. Chen [99] further explored the possibility of generating perversions in bilayer
strips in strained nanostructures with and without clamped boundary conditions.

Tendrils can also coil without attaching to a support, which can be attributed to the internal
chiral building blocks. This chiral transfer mechanism in which the chiral molecules or
microstructures contribute to a helical macroscopic morphologies has also been observed in other
species, such as the hydroscopic coiling of the stork’s bill awns [100]. For the coiling of Towel Gourd
tendrils, Wang and coworkers discover a hierarchical chirality transfer mechanism across different
length scales from the molecular level to the macroscopic (Figure 9c). During swelling or deswelling,
the helical angle of the reinforced cellulose fibrils inside the rod-like cell’s matrix (Figure 9b) will
change and introduce an internal torque on the tendril’s cross-section [101], which is believed to drive
the tendril’s coiling during its biological growth.

In the following sub-section, we provide a small-scale review on carbon nanotube (CNT)-based
helical actuators inspired from the coiling of Towel Gourd tendrils. Unlike the aforementioned planar-
to-helical transformation, this class of helical actuators focuses on the winding and unwinding of a
helical structure to create a contraction or rotary actuation mode.

3.2. Actuators Inspired from Towel Gourd Tendrils
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595 Carbon nanotubes (CNT) are well-known for their outstanding mechanical and electrical
596  properties, and it has been demonstrated that twist-spun multiwalled carbon nanotubes (MWCNTSs)
597  with filled hosts can provide rapid contraction and rotary motion under different stimuli which
598 exceed the performance of conventional artificial muscles [102,103].

599 Inspired by the hierarchical structure in Towel Gourd tendrils, Peng’s group [13,104] fabricate
600  hierarchical helical fibers (HHFs) by two-level twisting of MWCNTs. They first synthesize the
601  primary fibers with helical alignment of MWCNTs using dry-spinning, then twist the multi-ply
602  primary fibers. Once the twisting reached a critical value, the bundled primary fibers will coil
603  compactly into a stable fiber without partial untwisting (Figure 10a).

604

605 Figure 10. CNT-based helical actuators inspired from Towel Gourd tendrils. (a) Groups of scanning
606 electron images showing the fabrication process of the hierarchical helical fibers based on twisting
607 MWCNTs. First step is to dry-spin MWCNTs into a helical alignment to form a primary fiber (first
608 row: dry-spinning (left, scale bar 500pm), primary fiber (middle, scale bar 10um) and the nanoscale
609 gaps between MWCNTs (right, scale bar 500nm)). The next step is to twist the multi-ply primary
610 fibers (second row: bundle of primary fibers (left, scale bar 200um), twisted primary fibers (middle,
611 scale bar 30um) and the microscale gaps between primary gaps (right, scale bar 2um)) until it reaches
612 a critical point beyond which the bundle will coil into a helical shape (third row: coiling when twisting
613 exceeds the threshold (left, scale bar 50um), hierarchical helical fiber (middle, scale bar 30pm) and
614 gaps inside HHF (right, scale bar 10pm)); (b) Hierarchical gaps, including microscale gaps between
615 primary fibers and nanoscale gaps between MWCNTs, facilitate the solution’s infiltration; (c) The
616 contraction actuation of the hierarchical helical fiber when contacting an ethanol drop. It can contract
617 and rotate the copper paddle. The left image is the HHFs before contacting ethanol while the right
618 image is the snapshot after 1.63s when it touches ethanol. Scale bar is 2mm; (d) Electromechanical
619 contraction actuation of a left-handed Kapton film with HHF inside. (a) is from Ref. [104], reprinted
620 permission from Nature Publishing Group; (b)-(c) are from Ref. [13], reprinted permission from
621 Nature Publishing Group; (d) is from Ref. [105], reprinted permission from 2015 Wiley.

622 The fabricated HHFs can contract or rotate when contacting the polar solvent or when exposed

623 to its vapor (Figure 10c). The actuation mechanism comes from the gaps inside the structure. They
624  provide space for solution infiltration, which expands the structure and initiates motion as a result.

625 It was discovered that the hierarchical helical structure in HHFs contains gaps across two length
626  scales, which are the nanoscale gaps between the MWCNTs and the microscale gaps between the
627  primary fibers. The combination of these two-level gaps facilitates the fast infiltration of the polar
628  solution (Figure 10b) and stabilizes the fiber integrity during periodic twisting and untwisting.
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629  Owing to this, the HHFs can achieve rapid, reversible contraction and rotation with a prolonged
630  working life, which is not achievable when only nanoscale gaps exist.

631 Relying on the hierarchical structure in HHFs, Peng’s group [105] also harness the
632  electromagnetic interaction between aligned CNTs to realize electromechanical actuation of HHFs,
633  whose performance is better than the previously reported electrothermal or electrochemical actuation
634  in terms of the power output, actuation speed, and stability. Apart from the 1D contraction, they use
635  a heat-setting process to fix the HHFs into a helix and sew them into a Kapton film. The helical
636  integrated structure will wind or unwind itself when it receives an electrical signal, which mimics
637  the tendril’s coiling process (Figure 10c).

638
639 4. Summary and Outlook
640 Bioinspired helical actuators have shown fascinating performance such as the construction of a

641  programmable helical shape or tunable winding/unwinding behavior by controlling the external
642  stimuli, which greatly broadens the feasible pathways to the future applications. The opening
643  mechanism of the Bauhinia variegate pod offers a universal principle for the generation of helical
644  shape, that is, to create an intrinsic doubly-curved shape with a misorientation angle between the
645  principal axes and the geometric axes. The microstructure of the Bauhinia variegate pod also enlightens
646  us to utilize composition heterogeneity (i.e. aligned rigid reinforcements or molecular orientations)
647  to generate anisotropic responses, which play a crucial role in the formation of tunable three-
648  dimensional structures. Such strategy relaxes the reliance on anisotropic material properties, which
649  significantly expands the design space stimuli-responsive materials. For instance, the hierarchical
650  chirality transfer mechanism in the coiling of Towel Gourd tendrils promotes the development of
651  CNTs-based actuators by forming gaps across two different length scales.

652 Although significant advances have been made in the synthesized actuators inspired by these
653  plant structures, some unique properties originating from the shape-shifting mechanisms have still
654  not been fully exploited for better functionality, such as bistability [9, 21, 22, 106]. For example, for
655  the helical shape transformation driven by the intrinsic saddle shape, two stable solutions emerge
656  when the ribbon is wide enough or thin enough, and two stable helices can exist under the same
657  condition. The switch between these two stable states, the so-called snap-through, is of great benefit
658  in terms of achieving fast and large actuation without continuing energy input. To the authors’
659  knowledge it has not been extensively used to realize fast snaps of helical actuators. The integration
660  of such stimuli-responsive structure with smart materials will likely provide a much enriched design
661  space for smart structures and devices with a broad range of applications.
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