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Motion of plants in response to environment stimuli (e.g., opening and closing of pinecones) often finds
its origin in the organized microscopic structures of the moving part, which sheds light on a new way
to design and fabricate high-performance biomimetic soft actuators. In this paper, we design a micro-
patterned soft actuator consisting of a selectively aligned cellulose nanofiber layer and a passivation
layer. The unique structure of the cellulose nanofiber layer is achieved by an evaporation-assisted self-
assembly method (inspired by the “coffee ring” effect). Benefiting from the hydrophilic, nanoporous
and well-aligned cellulose nanofiber network, the resultant soft actuator demonstrates a fast (response
time less than 1s), extremely powerful (~1000 times lifting weight ratio), and controllable response
to external environmental stimuli, which is comparable to the best performing soft actuators reported
in the literature. Mechanics modeling further reveals that the well-aligned cellulose nanofiber layer
plays an important role in both the final curvature and generation of the actuation forces. Proof-of-
concept demonstrations of the micro-patterned soft actuators as mechanical arms and soft walking
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robots indicate their great potential for soft robots and biomimetic systems.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Soft actuators responsive to external stimuli are of great inter-
est for both fundamental research and potential applications such
as artificial muscular systems [1-3], soft robots [4,5], and energy
generators [6-8]. During the past decades, soft actuators with
diverse structures and multi-functional stimuli-responsive prop-
erties have been demonstrated, including pneumatic actuators [9,
10], electric-responsive actuators [11-17] thermal-responsive ac-
tuators [18-20], light-responsive actuators [21-23], magnetic-
responsive actuators [24], and solvent/chemical-responsive ac-
tuators [25-27], etc. In particular, bilayer actuators that utilize
the asymmetric deformation coefficients of the active and passive
layers in response to external stimuli have emerged as promising
candidates in the fabrication of soft actuators, owing to their sim-
ple production process and universal adaptivity [28-34]. How-
ever, in traditional bilayer soft actuators the homogeneous poly-
mer with isotropic volume change in the active layer always
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results in imprecise movements and small displacements under
a weakly generated driving force.

In nature, there exist inspiring examples of environment-
driven plant movements with well-controlled moving direction
and powerful force generation, such as the opening-closing of
pinecones and the twisting-untwisting of Bauhinia variegata
pods [35-37]. Plant anatomy found that the advanced plant
movements are coming from their microtissues with functionally
patterned microstructure. Inspired by this, tremendous strides
have been made to imitate the specially arranged microstructure
of natural plant systems to improve the response properties
of traditional soft actuator. For example, liquid crystal poly-
mer actuators with aligned, polymerized mesogenic molecules
demonstrated anisotropic contraction and expansion, mostly per-
pendicular to the alignment direction [38]. By embedding aligned
reinforcing fibers, such as carbon nanotubes or glass fibers, in an
active matrix or a single layer of the asymmetric bilayer actuator,
diverse deformations have also been achieved [39,40]. Other
fabrication methods, such as electrospinning and surface modi-
fication [41-43], have also been demonstrated to fabricate soft
actuators with patterned microstructures and enhanced response
properties. Nevertheless, despite the achievements in functional
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Fig. 1.

Illustration of the soft bilayer CNF-soft actuator with a selectively aligned CNF layer prepared by evaporation-assisted self-assembly. (a) Schematic illustrating

the intra-/inter-molecular H-bonding between the cellulose molecular chains. (b) Simplified schematics illustrating the hydration/dehydration induced micro-level
space change between three parallel CNFs. (c) Schematics illustrating the hydration/dehydration induced macro-level actuation behavior of the CNF-actuator.

microstructure design, these soft actuators still suffer from short-
comings such as costly raw materials, strict or complex synthesis
technology and equipment, and inadequate responsiveness. As
a result, a low-cost, universal, and easy to scale-up strategy for
high-performance soft actuators remain arduous.

Here, we design a micro-patterned soft actuator based on
a passive substrate covered with selectively aligned cellulose
nanofibers (CNFs). The unique structure of the CNF layer is
achieved by a straightforward solvent evaporation-assisted self-
assembly method. Ascribed to the micro-patterned structure and
disparate hygroscopicity of the CNFs and passivation layers, the
resultant CNF-actuator demonstrates well-controlled, rapid (re-
sponse time less than 1 s), and extremely powerful (~1000 times
lifting weight ratio) actuation in response to temperature and
humidity of the external environment. Given the widely available
raw materials, scalable productivity, as well as the excellent re-
sponse properties, our micro-patterned CNF-actuator can become
a promising candidate for use in soft robots and other biomimetic
systems.

2. Results and discussion
2.1. Construction of selectively aligned CNF-soft actuator

CNFs are prepared by disintegrating low-cost, renewable, and
abundant wood fibers via a mature chemomechanical treatment
process widely used in the paper-making industry (Fig. S1-5S4).
Compared with micro-sized cellulose fiber, nano-sized CNFs pos-
sess more exposed hydrophilic hydroxyl groups (-OH) due to a
larger specific surface area. The increased surface hydroxyl groups
promise more inter-molecular hydrogen bonding (H-bonding)
between the individual CNFs (Fig. 1a), enabling the formation
of CNF percolation network with superior mechanical strength
(up to hundreds of MPa stress and tens of GPa modulus) in
drying state. Meanwhile, H-bonding as a kind of super-molecular
bond can be reversibly broken and re-formed under the attack
of water molecular, causing the space change between the CNFs
and the mechanical adaptive of the CNF film (Fig. 1b). Based on
this mechanism, we are able to prepare uniaxially responsive
CNFs film by controlling the force direction of the H-bonding via
the alignment of the CNFs. To assemble the randomly dispersed
one-dimensional fibrils, our work exploits a simple but efficient
solvent evaporation-assisted self-assembly method derived from
the “coffee ring” effect. Selectively aligned CNF-soft actuator can
be simply prepared by rationally depositing CNF suspension on
a polyimide (PI) substrate followed by a static drying process

(Fig. S5). The solvent evaporation induces capillary flow during
the drying process then drives the assembly of high aspect ratio
CNF into an anisotropic structure oriented perpendicular to the
perimeter of the deposition from the edge to the center, as shown
in Fig. 1c. Upon temperature or humidity stimuli, such a readily
arranged nanostructure can enhance the contraction/expansion of
CNF layer perpendicular to the axial direction of CNFs, leading to a
rapid and powerful bidirectional bending of the CNF-soft actuator.

2.2. Anisotropic assembly of CNFs

The formation mechanism of the anisotropic CNF layer is
attributed to the evaporation-assisted circulation and unique rhe-
ological properties of the CNF suspension. More explicitly, the
deposition of CNF on the PI substrate can be divided into three
steps, as shown in Fig. 2a: (i) thickening and orienting of the
CNF colloidal system; (ii) gelation and deposition; and (iii) fast
drying into a selectively aligned film. In the first step, the low
concentration CNF suspension with a low viscosity slowly thick-
ens and pins the solid-liquid-gas interfaces to an initial po-
sition. The gradient in evaporation flux from the edge (high)
to the center (low) caused by the wedge geometry leads to a
circulating flow and forces the CNF to move with the capillary
flow [44]. The concomitant movement aligns the CNF but is differ-
ent from the ring-like solute deposition of other colloid systems.
The CNF suspension deposits with uniform thickness due to the
concentration-induced gelation process (Fig. S6-S7). Shrinkage
after evaporation of the solvent not only increases the steric
hindrance but also shortens the distance between the individual
CNF and leads to more physical entanglement and intermolec-
ular hydrogen bonding. Finally, a physically crosslinked CNF gel
network is formed with restricted mobility which inhibits the
formation of rings during the deposition (Fig. S8a-d). The gelation
process also helps preserve the preformed fiber orientation until
the final drying process.

To further confirm the capillary flow of the CNF suspen-
sion during the air-drying process, 5 wt% hydrophobic carbon
nanotubes (CNTs) are pre-mixed into the suspension as a vis-
ible tracer and the substrate is also replaced by a transparent
polyethylene terephthalate (PET) film for better contrast. CNTs
are more likely to flow in the direction of the capillary forces
due to the weak conflicting interactions between CNT-CNT and
CNT-CNF imparted by the hydrophobicity of CNT. A visible ring
stain is observed along the perimeter of the CNF deposition while
drying, which suggests the existence of capillary flow (Fig. 2b and
Fig. S9). Scanning electron microscopy (SEM) images clearly show
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Fig. 2. Solvent evaporation-assisted self-assembly of CNFs and characterization of the resultant CNF-soft actuator. (a) Schematics showing the formation of the
selectively aligned CNF film on a substrate. (b) Photographs of the CNF deposition with a few CNTs as a visible tracer on top of a transparent PET film. (c) Top-view
SEM images showing the anisotropic CNFs arrangement of the CNF-soft actuator, respectively. Inset shows the cross-section of the obtained bilayer CNF-soft actuator
with a thin layer of cellulose on top of the substrate. (d-g) Polarized optical images of the anisotropic CNF deposition. By rotating the CNF deposition sample,
variations between the bright and dark field of view are observed every 90°, indicating the CNFs are well aligned. (h) Polarizing optical images and corresponding (i)
schematics illustrating the schlieren texture of the circular CNF deposition under crossed polarized light. The arrow represents the rotation direction of the polarizer.

the aligned distribution of CNFs in the deposition (Fig. 2¢ and
Figs. S8 and S10). Besides the anisotropic arrangement, it is worth
noting that the CNF layer is observed to be full of nanopores,
which paves the way for rapid adsorption/desorption of water
molecules (Fig. S11).

Polarizing optical images (POM) further confirm the
anisotropic arrangement of CNFs in the deposition. The large
brightness difference observed between Fig. 2d-e indicates the
anisotropic alignment of CNFs in the deposition layer. The light
becomes linearly polarized after passing through the first polar-
izer. When the second polarizer is placed in a crossed direction,
the light shall not be transmitted. Thus the background field ap-
pears dark. When the CNF arrangement direction aligns perfectly
with either of the polarizers, the optical transmittance should still
be negligible, as indicated in Fig. 2d and 2g (the small bright
area in the center and the end area is because of the natural
instability of the solvent evaporation process). When the CNF
alignment direction is 45° titled, the transmitted light becomes
partially polarized in both direction but can still be transmitted.
By rotating the CNF deposition sample, the dark regions at 0°
and 90° turn to be bright white with the colored band after
45° rotation (Fig. 2e-f, Movie S1), indicating a well organized
unidirectional alignment of CNFs in the deposition.

A schlieren texture is also observed when the CNF deposition
is designed to be a circle. By rotating one of the polarizers, the

schlieren brushes appear to rotate the same direction as the
polarizer (Fig. 2h-i, Movie S2), suggesting that the CNFs is aligned
perpendicular to the periphery of the deposition. To better un-
derstand the geometric limit on the assembly behavior of the CNF
droplet, we further performed in-situ POM characterization of the
CNF droplets with different diameters, as shown in Fig. S12. The
results found that the CNFs demonstrate a better alignment (a
perfect cross, schlieren texture) when the diameter of the CNF
droplet is smaller than 5 mm, while with the increase of the
droplet diameter, a twisted and dark cross is observer at the cen-
ter of the deposition (Fig. S12a-b). This observation is consistent
with our previous discussion, that is, the solvent-induced self-
assembly of the CNF droplet is geometrically limited, where the
capillary flow mainly occurs in the curved projection area of the
droplet, as shown in Fig. S12c-d. When the size of the droplet
increases, the center area becomes flat so that no capillary follow
happens there, resulting in a random CNFs deposition area in the
center.

2.3. Stimuli-responsive behaviors of CNF-soft actuator

Fig. 3a illustrates typical bending displacements of the CNF-
soft actuator with one end fixed upon exposure to a high temper-
ature and low humidity environment. Volume contraction caused
by dehydration of the CNF layer drives the strip-like actuator
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Fig. 3. Stimuli-responsive properties of the CNF-soft actuator. (a) Curling displacement of the CNF-soft actuator during the dehydration process, insets are the
corresponding snapshots at different states. (b) Kinetic plots of the CNF-soft actuator driven at various operating temperatures. Solid dots represent the experimental
data, solid lines represent the kinetic fitting results, and red dashed lines represent the minimal curvature for the CNF-soft actuator to form a closed loop. (c)
Photographs showing a 6 cm x 1 cm x 45 pm sample lifting a 9.0 g weight at 40 °C. (d) Time vs. lifting weight ratio plot comparing various stimuli-driven
actuators, including: SA/WS, [45], PDMS/PEDOT:PSS [29], GO/rGO [46], PAA-PAH/NOAG3 [47], AIA/PNiPAM [30], PNiPAM/PPy [48], PF/CNC [31], MWCNT/PU [49],
GO/PNiPAM [32], SACNT/PET/BOPP [50], sG/PDMS [33], PEE/PPy [6], 10/FN [51], GO-PDA/rGO [52], SACNT/BOPP [34]. (e-f) Photographs of a large size (20.5 cm x
1.0 cm x 40 pwm) CNF-soft actuator. (g) CNF-soft actuators based on substrates of four different materials (PI, PET, copper and aluminum). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

to bend toward the CNF layer, resulting in a closed concentric
ring. To quantify the actuation behavior of the CNF-soft actua-
tor, the bending curvature of the strips is plotted against time.
Temperature will also significantly influence the water adsorp-
tion/desorption behaviors of hygroscopic materials, therefore the
bending curvature of the CNF-soft actuator under different tem-
perature is also logged. As expected, at a constant temperature,
bending behavior due to desorption of water by the CNF-soft
actuator is similar to the swelling behavior of polymers and can
be described by a pseudo-first-order kinetic equation [53]. Fitting
results precisely overlap the experimental results and suggest
pseudo-first-order kinetic behavior of the water desorption pro-
cess (Fig. 3b, Table S1, and Movie S3). The CNF-soft actuator
demonstrates a fast response in 3.3 s at 40 °C, only slightly above
body temperature. However, the response time dramatically de-
creased to approximately 0.5 s when the operating temperature
is increased to 85 °C. From these measurements, the rate constant
and final curvature for pseudo-first-order behavior increases from
0.21 to 0.63 s~! and 0.31 to 0.67 mm~' with the increase in

temperature, respectively. The fast response and large displace-
ment can be ascribed to the multiple parameters impacting the
molecular water exchange process including the hygroscopic sur-
face of the cellulose nanofiber, the porosity of the network, and
the specially arranged CNFs nanostructure (see details in the
modeling discussion part). Moreover, no significantly responsive
performance decay was observed after storing the CNF-actuator
in air at room temperature for over one year, indicating good
durability of the product (Fig. S13).

In addition to the fast response speed and large displacement,
the CNF-soft actuator also demonstrates an extremely high lifting
capacity. To show the possibility of our CNF-actuator for future
application as a soft lift, we prepared a strip of 6 cm x 1 cm x
45 wm actuator. This actuator can easily lift 9.0 g at 45 °C (Fig. 3c),
which is nearly 1000 times the weight of the CNFs layer (approx-
imately 250 times the weight of the whole actuator). When com-
pared with literature on diverse stimuli-responsive soft actuators,
the response speed and force generated by our CNF-soft actuator
are better than most proposed hygroscopic actuators as well
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Fig. 4. Proof-of-concept demonstrations as mechanical arms and soft robot. (a) Schematics and (b) photographs illustrating the manipulation of the CNF-soft actuator
as a mechanical arm to lift and release the attached object. (c) Polarizing optical image of a trigonal CNF-actuator and (d) its corresponding response behaviors.

as light-driven, thermally driven or electrically driven actuators
(Fig. 3d). It is worth to note that our selectively-aligned CNF-soft
actuator design also shows good potential towards large-scale
production and diverse substrate system. A large sample with
20.5 cm in length and 1.0 cm in width is readily prepared to illus-
trate the scalability of the CNF-soft actuator (Fig. 3e-f). Moreover,
the adaptability of the CNF-soft actuator to different substrates is
also verified on both polymer (PI and PET) and metal (copper and
aluminum) substrates (Fig. 3g). The excellent stimuli-responsive
properties, scalable productivity together with the diverse ma-
terial system applicability make our selectively aligned CNF-soft
actuator appealing for practical application.

2.4. Proof-of-concept demonstration

To further demonstrate the potential applications of our CNF-
soft actuator, a 7 cm long CNF-soft actuator is developed to serve
as a soft mechanical arm (Fig. 4a-b). Upon heating, the strip
executes fast scrolling behavior accompanied by a contraction in
length to lift the attached object. By increasing the ambient hu-
midity, unrolling of the strip is observed, resulting in the release
of the attached object. In another proof-of-concept application,
two ends of the strip are combined to form a wheel-like struc-
ture with the CNF layer inside. The wheel-like actuator can roll
rapidly under a hot plate or a continuous supply of hot steam
(Fig. S14 and Movie S4). This self-walking behavior is ascribed to
the combined actions arising from the different transformation
of the top and the bottom parts of the wheel-like actuator. The
contrasting responses at the top and bottom of the actuator lead
to a top-heavy structure and a perpetual motion actuator. A
walking speed of 2.1 mm s~ is achieved by this device. Note that
the CNF-soft actuator based on the solvent-assisted self-assembly
method is not limited to a strip shape. By rationally designing
the deposition pattern of the CNF suspension, diverse architecture
and complicated movements can also be achieved (Fig. 4c-d),
suggesting a great potential of our CNF-actuators for applications
in soft robots and biomimetic systems.

2.5. Insights into the responsive properties of the CNF-soft actuator

Mechanics modeling is further carried out to better under-
stand the influence of the selectively aligned CNFs structure on
the response properties of the CNF-soft actuator. The loss of
moisture content due to water evaporation is accompanied by a
decrease in volume of the CNF layer, while the volume of the
PI layer remains unchanged. The contraction of the CNF layer
on a thin PI substrate introduces differential shrinkage between
the two layers. A freestanding CNF/PI bilayer actuator undergoing
dehydration bends toward the CNF side to accommodate the de-
formation and puts the PI layer under tension. When the actuator
length is much larger than its width or thickness, the bending
deformation due isotropic volumetric strain reduces to a one-
dimensional composite beam with two layers. Assuming small
bending deformation, this system can be solved analytically [54].
The bending curvature shows a linearly proportional relation to
the strain mismatch through Eq. (1) [54-56],

_ { 3Epihp; - Ecnehene - (her + hene) } As
(Epthpr + Ecnehene)[Epthd (2hp + 3hy) + Ecnphne(2hene—3n, )] !

(1)

where Ep; (2.5 GPa) and Ecnr (20 GPa) are the Young’s Moduli of
PI and CNF [57], respectively, hp; (30 wm) and hcne (20 wm) are
the thicknesses of each layer, Aeg, is the shrinkage mismatch, and
hb = (ECNFh%NF — EPlhlz)I)/[z(ECNFhCNF + Ep]hp[)]. The volumetric
mismatch in Eq. (1) can be approximately determined by the
loss of moisture content [58]. In our experiment, Ae, varies
from a few percents to ten percent (see SI for more simulation
details). When the volumetric strain generated due to moisture
loss is Aey, > 0.5%, the bending deformation exceeds the regime
of small strain assumption. The bilayer, furthermore, transforms
into a ring, when water in the CNF layer continues to desorb.
At this stage, the interlayer interactions start to play a more
significant role in the deformation.

To quantify the bending of the CNF-soft actuator under such
conditions, a finite element model of a slender stripe with length
L =50 mm, width w = 1 mm, hp; = 30 wm, and hcyg = 20 wm is
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Fig. 5. Mechanics modeling of the effect of fiber alignment on the final curvature and force generated by the CNF-soft actuator. Schematics illustrating the arrangement
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actuator (up) and isotropic-CNF-soft actuator (down), the percentages indicate the volumetric shrinkage of the CNF layer. (d) The curvature of the bilayer scrolls. (e)
Intrinsic lifting force generated by the drying effect and the FEM prediction of the lift-weight ratio (Inset: reaction force at the clamped end).

implemented in ABAQUS. The volumetric strain is prescribed by
the analogy of thermal expansion. The CNF layer with disordered
microscopic arrangement of fibers is modeled as a material with
an isotropic coefficient of thermal expansion (CTE) s in all
directions. Whereas, for aligned-CNF-soft actuator, the CNFs form
a highly-ordered structure with fibers oriented in the perpendic-
ular direction to the edges. To simplify the simulation, we assume
the moisture only exists between the constituent fibers of the
grating-like architecture. Accordingly, when water departs from
the CNF layer, the void it leaves will be filled by drawing the
parallel fibers closer. Thus, the shrinkage of the oriented CNFs
is considered analogous to the thermal expansion behavior of a
material with anisotropic CTE so in the direction perpendicular
to the fibers, doriented = 3«iso, and in the other two directions
Oy = 03 = 0.

Two types of bilayer structures are modeled: wet CNFs dry-
ing without the solvent evaporation induced self-assembly ef-
fect, which results in a layer of isotropic CNF bonded to the
PI substrate; and wet CNF drying under the influence of the
self-assembly effect, which leads to an anisotropic CNF layer on
top of the PI substrate (Fig. 5a-b). As shown in Fig. 5c-d, for
the isotropic CNF/PI bilayer, the curvature agrees well with the
prediction of Eq. 1 for small volume shrinkage. When Ag, > 2%,
the actual curvature shows an observable deviation from Eq. (1)
due to the large deformation and contact between layers [56].
Eq. (1) is only valid in the case where each ply of the bilayer is
made of homogeneous material, therefore in order to compare
the analytical solution with the FEA model for the oriented CNF
bilayer actuator, it is necessary to use an equivalent volumetric
strain. The corresponding strain is thus evaluated as an average
over the entire active CNF layer, and is weighted respectively

by the area of the oriented and the isotropic regime: all the
volumetric strain in the oriented CNF regime contributes to the
longitudinal contraction, while only 1/3 of volume shrinkage in
the isotropic part contributes to the longitudinal contraction.
Under such an equivalence, finite element analysis shows good
agreement with Eq. (1). For the bilayers drying under the influ-
ence of self-assembly effect, the curvature is approximately two
times that of the isotropic-CNF-soft actuator.

To quantify the lifting force stemming from the bilayer dif-
ferential drying, the bilayer actuator is clamped at the two ends
to restrain the relative displacement in the longitudinal direc-
tion. The reaction force, which is the force required to unwrap
the bilayer CNF-soft actuator, is plotted in Fig. 5e, which in-
creases linearly with the volumetric strain. The reaction force
is doubled when accounting for partial alignment due to the
self-assembly effect. The mass of the CNF layer and the reaction
force also determine the lifting-weight ratio, assuming pcne =
1.2 g cm™3 [57]. Accordingly, a lift-weight ratio of 1000 can
be achieved by the selectively aligned CNF-soft actuator at a
prescribed volumetric strain of 5%, which is ~2 times that of
the isotropic-CNF-soft actuator. Moreover, the lift-weight ratio of
the selectively aligned CNF-soft actuator can be further increased
when a stronger stimulus (i.e. more volumetric strain) is applied.

3. Conclusions

In summary, we design a micro-patterned soft actuator with
selectively aligned CNFs on top of a passivation substrate. The
unique arrangement of CNF is achieved by a facile evaporation-
assisted self-assembly method. The selectively aligned CNF
network can fast exchange water molecules with the external
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environment, enabling rapid actuation responses from the resul-
tant CNF-soft actuator. Finite element analysis shows that the
selectively aligned CNF layer determines both the direction and
generation of the actuation force. Compared with conventional
bilayer soft actuator with isotropic active layer, the selectively
aligned CNF layer in our design endows fast (response time
less than 1 s), powerful (1000 times of its self-weight), and
well-controlled deformations. Micro-patterned CNF-soft actua-
tors build on various substrates further confirmed the versatility
of the self-assembly method for a range of material systems.
Demonstrations of the resultant CNF-soft actuator as load-bearing
mechanical arms and soft walking robots suggest numerous po-
tential applications of CNF-soft actuators in field of soft robots
and biomimetic systems.

Experimental methods

Preparation of CNFs. 0.7 wt% TEMPO-oxidized pulp from a com-
mercial bleached softwood pulp was obtained by the same
method as mentioned in our previous study [59]. The TEMPO-
oxidized pulp was thoroughly washed to remove residual salt,
and ultrasonicated at 60% power for 60 mins to prepare the
0.7 wt% CNF suspension. The CNF suspension is used right imme-
diately after preparation due to the eventual increase in viscosity
caused by suspension gelation.

Fabrication of the CNF-soft actuator. A certain amount of the fresh
prepared 0.7 wt% CNF suspension was poured on the passive
substrate. The substrate was mounted on a glass slide to prevent
drying-induced deformation. The samples were placed in a hu-
midity chamber at a constant temperature of 25 °C and a relative
humidity of 50%. The whole drying process was performed in
a stable environment until the CNF suspension was completely
dry. CNF-soft actuator was obtained by peeling off from the glass
slides and trimming to size.

Characterizations. The morphology and structure of the CNF-soft
actuator were characterized by scanning electron microscopy
(SEM, Hitachi SU-70). The morphology of the cellulose nanofibers
was obtained utilizing an Atomic Force Microscope (AFM, Bruker
Multimode 8) in tapping mode. FT-IR spectrum was carried out on
a Thermo Nicolet NEXUS 670 FTIR ranging from 600 to 4000 cm ™!
under ATR mode.
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5.0kV 6.9mm x60.0k SE(M)

Fig. S1. The naturally aligned cellulose nanofibers (CNFs) in the wood fiber. (a) Schematic
showing the directional alignment of CNFs in the layers of wood fiber. (b) SEM image showing

the aligned CNFs in the S3 layer of the wood fiber.
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Bleached soft wood pulp TEMPO-oxidized pulp CNF suspension

Fig. S2. Photographs depicting the preparation of the CNF suspension. The clear and transparent

appearance of the resultant solution indicating a good dispersion of the nano-sized cellulose fibrils.



Fig. S3. AFM image (left panel) showing the morphology of the resulted CNFs by spray coating
and drying the 0.05 wt% CNF solution on top of the mica at 105 <C. The right panel is the height
plotting of the cutting line in the AFM image, showing that the diameter of the cellulose

nanofiber is approximately 1~3 nm.
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Fig. S4. FI-IR plot of the TEMPO-oxidized cellulose. The peak around 3400 cm™ and 1650 cm'?

are the O-H and C=0 stretch vibration absorption, respectively, indicating the hydroxyl groups at

the C-6 have successfully oxidized to carboxyl groups.
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Fig. S5. Photographs showing the fabrication and actuation of the CNF-soft actuator.
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Fig. S6. The viscosity vs. shear rate plots of the CNF suspensions with different concetration 0.7

wt.%, 1.0 wt.%, and 1.5wt.%, respectively.



0.7 wt.% 1.0 wt.% 1.5wt.%

Fig. S7. Photographs showing the significant viscosity change of the CNF suspension at different
concetrations, 0.7 wt.%, 1.0 wt.%, and 1.5wt.%, respectively. CNF solution demonstrates very
good flowability at a concentration of 0.7 wt.%, enabling the orientation of CNF due to the
convection flow in the casting solution. The oriented CNF state will be maintained during the

drying-induced gelation process, resulting in an anisotropic CNF deposition.
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SEM 5.0kV 9.5mm x100k SE(U)

Fig. S8. Morphology characterization of the CNF deposition layer. (a) Schematic illustrating the
observation area of the CNF deposition. (b-d) Side-view SEM images of the corresponding areas
marked in (a), and (e-g) are the corresponding top-view SEM images showing the alignment of

the CNFs.
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Fig. S9. Photograph images showing the solvent-assisted self-assembly pattern of the CNF
solution with 5 wt% CNT as visible tracer (a) before and (b) after drying. A clear dark region
caused by the enrichment of CNT is observed along the perimeter of the deposition, indicating the
existence of the capillary flow during the drying process. (¢) SEM image illustrating uniform

deposition of the CNF layer with a thickness around 10 pum.
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Fig. S10. SEM image showing the CNFs perpendicularly aligned to the perimeter.
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Fig. S11. (a) SEM image of the percolation network formed by the CNFs and the corresponding
naturally formed nanopores. (b-c) Schematics illustrating the interconnected pores on the influence

of water molecular absorption/desorption processes.
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Fig. S12. POM images of the CNF droplets with different diameters (a) before and (b) after drying.

(c-d) Schematics illustrating the geometric limit on the assembly behavior of the CNF droplet.
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Fig. S13. Responsive property of the CNF actuator before and after storing in air for over 1 year.

The testing temperature is 85 <C.
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Table S1. The pseudo first order kinetic fitting results of the CNF-soft actuator at different

temperature
Sample g. (mm") ki (s R’
40 0.3122 0.2096 0.9953
55 0.4547 0.1744 0.9943
70 0.5374 0.2321 0.9934
85 0.6692 0.6286 0.9608

According to the pseudo-first-order kinetic model, the kinetic equation of the CNF-soft actuator

can be expressed as

—kyt

qr = de — (e€

where ge and g: (mm™) are the curvature at equilibrium and at time t, respectively. ki(s™) is the

kinetic constant.
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Fig. S14. (a) Schematics and (b) photographs illustrating the manipulation of the CNF-soft actuator
as a walking robot. (c) Photographs showing the self-walking behavior of the wheel-like CNF-

actuator on top of a 95 <C hot plate.
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Estimation of the volumetric strain associated with the drying process of CNF

When a drop of CNF solution dries on a substrate, the evaporation process only starts to induce
stress after the water content falls below a critical value at which the CNF experiences a phrase
transit from the original solution state to a hydrogel state, and the CNFs begins to anchor at the
interface at the substrate. The very first state of the evaporation of the CNF/water mixture in the
solution form is stress-free. We postulate that the critical water content for the CNF solution to
form CNF hydrogel equals the equilibrium moisture content (EMC) at very high relative humidity,
for example, 80%~100%.

EMC is the maximum water content the CNF hydrogel sustains at a certain relative humidity (RH).
Above EMC, no extra water molecule enters the CNF hydrogel system by bonding to CNF; instead,
the extra water stays outside the hydrogel as free water content. Therefore, the presence of any
extra water does not result in a change of the hydrogel volume, whereas the volumetric strain is
related to the change of EMC in the CNF layer.

For a bulk wood material, according to Hailwood-Horrobin equation,®! EMC can be evaluated as
a function of temperature and RH. When the change in equilibrium moisture content AEMC 1is

known, the volumetric strain can be estimated by the following equations,

_ MenF EMCyXmcng

0=
PCNF Pwater
m EMC,xm
Vl — CNF + 1 CNF
PCNF Pwater
Ae. = AV _ Vo-V3 _ AEMC
Ey = 70 - VO ~ Pwater + EMCl
PCcNF

where Vp is the original volume of CNF layer at a high moisture content EMCo, V1 is the volume

at a lower moisture content EMC1, AEMC = EMCo— EMC; is the change in moisture content, mcnr
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is the mass of dry CNF, pwater=1.0 g cm™ and pcne =1.2 g cm are the densities of water and CNF
respectively. At T=40<C, RH=80%, EMC=14.96%, and T=40<C, RH=45%, EMC=7.86%, the
volumetric strain is 7.2%. When temperature increases to 80<C, if no moisture is added to the
ambiance, the RH decreases to a very small value (RH = 5%), in this case, the volumetric strain
estimated by Hailwood-Horrobin equation is about 14%. Therefore, from 40 to 80°C: AV/Vo =
7.2%~14%. In the calculation, we took the order of the magnitude of Aey to be ~10%.

Details of Finite Element Model

The contact between the bilayer is modeled as a surface-to-surface formation with “hard” contact
behavior in the normal direction. In the tangential direction, the friction is modeled by prescribing
a frictional coefficient of 0.09. In the very first step of the simulation, a small variation (less than
5%) of the prescribed volumetric strain in the longitudinal direction of the bilayer is prescribed,
instead of using a uniform distribution, so that bilayer is able to close into a ring. (Otherwise due
to the symmetry, the two ends of the bilayer will meet and interfere with each other) After the
closure of the ring, the volumetric strain is corrected back to a uniform spatial distribution.
Reference

1. A. J. Hailwood, S. Horrobin, Trans. Faraday Soc. 1946, 42, 84. doi:10.1039/TF946420B084.
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