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Sensitive Humidity-Driven Reversible and Bidirectional
Bending of Nanocellulose Thin Films as Bio-Inspired

Actuation

Miao Wang, Xuelin Tian,* Robin H. A. Ras, and Olli Ikkala*

Inspired by plant movements caused by water swelling and deswelling within
nano- and mesoscale cellulose fibrillar structures, asymmetric exposure of
water vapors to thin films of nanofibrillated cellulose, NFC (also denoted as
microfibrillated cellulose, MFC, or native cellulose nanofibers, CNF) is here
shown to induce humidity-controlled reversible actuation. The extent of the
bending depends on the humidity difference across the film. A steady-state
bending is reached within a fraction of minute upon continued humidity
exposure, and the film relaxes back upon removing the imposed humidity.
The bending curvature becomes reduced when the film thickness increases,
thus explaining that the effect is not observable in classic paper sheets,
which are much thicker due to their constituent macroscopic thicker cellulose
fibers. The bending is highly sensitive to humidity, as demonstrated by the
observation that the film bends even based on the small humidity of human
hand from a distance of several millimeters. Such a bending of a cellulose
nanofiber film offers a particularly simple route toward biomimetic actuation

and novel types of active material.

1. Introduction

Biological materials and organisms provide a rich source of
inspiration for materials scientists to understand how struc-
tural design at the nano- and mesoscale can be employed to
achieve attractive functional properties in the macroscale.l!
Biomimetic materials have dealt with tunable and responsive
mechanical properties,? structural colors,?! and wetting.[¥
Toward actuation and movement, the biological machinery®!
allows subtle de novo approaches but in several cases simpler
systems are sought, where the movements can be triggered
by simple stimuli, such as magnetic or electric field,l® pH,!
temperature,® light,”) humidity,'” or electrochemically.'!
Also, surfaces with actuating “hairs” have been shown,!?
inspired by biological cilia and flagella, as well as actuating
gels.3 In plants, movements and bendings take place based
on various mechanisms, for example, asymmetric cell growth,
turgor pressure, and water swelling and deswelling within
the structures.1 A particular example of the latter concept
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concerns pine cones, where asymmetri-
cally positioned differently aligned layers
of the nano- and mesoscale cellulose
fibrils induce asymmetric water swelling,
leading to bending." In this way, the
structure can be considered to be a bio-
logical counterpart to so-called bilayer
actuators, which are extensively used in
technology and science, involving dif-
ferent expansions of the two layers upon
temperature or other signals.Bxc1lcel4e16]

The above plant-based actuation
inspired us to investigate water swelling/
deswelling-dependent bending in films
consisting of mnanofibrillated cellulose
(commonly denoted as NFC (nanofibril-
lated cellulose), MFC (microfibrillated cel-
lulose), or CNF (cellulose nanofibers)), i.e.,
native cellulose nanofibers. NFC has high
tensile stiffness and strength,[” but due to
their nanometer scale lateral dimensions
they allow facile bending. On the other
hand, previously it has been observed that upon placing a classic
paper sheet on the surface of liquid water, it starts to bend, as
water penetrates into the sheet from below and initiates asym-
metric swelling.'¥ Thus, a “bilayer” is formed based on the
bottom hydrated swollen layer and the upper more dry layer.
However, when the water front reaches the sheet upper surface,
the asymmetry is suppressed and the paper sheet recovers its
original flat shape. It has to be noticed that classic papers are
relatively thick due to their microscopic cellulose constituent
fibers, thus providing relatively high flexural stiffness. Here, our
initial hypothesis was that if we use NFC instead of classic thick
pulp fibers of high bending stiffness, we could achieve more
sensitive actuation, even to allow triggering by water vapors,
as the nanoscopic NFC fibers allow facile bending and making
thinner sheets than those of classic paper.

In the following, we describe that sufficiently thin NFC-
based films show highly sensitive and bidirectional water-vapor-
triggered bending (Figure 1) to allow even complex bent
shapes. The phenomena will be demonstrated first qualitatively
and then quantitatively.

2. Results and Discussion

The films were prepared by filtration of aqueous dispersion of
NFC, followed by drying under ambient conditions (see the
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Figure 1. Schematics of a water vapor-based actuation in nanofibrillated cellulose (NFC) films of thickness in the range of 10 ym. The bending reaches
a humidity and thickness-dependent steady-state value, unlike in asymmetrically wetted classic paper sheets, where the bending is transient (see
Figure S1, Supporting Information), as terminated when the water front penetrates throughout the paper sheet.l'®!

Experimental Section). The thickness of the NFC films was con-
trolled by adjusting the volume of aqueous dispersion during
the filtration process, and disc-shaped films of a diameter of
3.6 cm with a typical thickness of 8 pm were used in most of
our studies unless otherwise mentioned. Thicker films were
made to study the bending as a function of the films thickness.
Morphology of the NFC film was investigated by scanning elec-
tron microscopy (Supporting Information, Figure S2), which
indicated a random dense network structure and no obvious
preferential in-plane fibril orientation as observed from the top.
A qualitative first indication that the films behave in a sur-
prising way is observed by holding a thin NFC film on a bare
hand, where the film spontaneously starts to bend upward in
a few seconds (Figure 1, Figure 2a). The bending increases
until it seems to acquire a steady-state value in tens of seconds.
Importantly, it does not relax back even upon holding the film
on the hand for prolonged times. However, the film recovers
its original flat shape in tens of seconds when moving away
from the hand, indicating that the bending is reversible. On
the other hand, if the bent film on the hand was turned upside
down, it becomes flat again and further continues to bend in
the reverse direction (Figure 2b). The reversible and bidirec-
tional deflection processes take roughly tens of seconds and are
more clearly illustrated in Supplementary Movie 1 (Supporting
Information). The movement depends on the direction of the
stimulus; therefore, the actuation can be denoted as tropic.['’]
The above qualitative observations indicate that a thin 8-pm
NEFC film sensitively senses the presence of uncovered human
skin, due to either the small temperature or the humidity gra-
dient. Next, we put a flat NFC film at the open door of a hot
oven with its surface parallel to the door. In this case, the film
did not bend at all, suggesting that the actuation is not driven
by a temperature gradient. To qualitatively verify the role of
humidity, we put the flat NFC film on a latex glove-covered
hand, whereupon no deflection was observed (Figure S3, Sup-
porting Information). Obviously, the glove acted as a humidity
barrier between the skin and the film. Therefore, the higher
humidity close to a bare hand should be responsible for the
actuation. This is not surprising as the physiochemical property
of the NFC is important for the high moisture sensitivity of the
film. As a hydrophilic polymeric material, NFC has numerous
hydroxyl and oxygen-containing groups along the high sur-
face area of the nanofibers, which makes it highly sensitive to
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humidity change and able to absorb moisture even from very
dilute water vapor environment.

Next, quantitative measurements were undertaken to shed
light on the mechanism and to understand how to control
the actuation. We employed a home-made humidity chamber
(Figure S4, Supporting Information), where the internal rela-
tive humidity (RH) can be adjusted from 10% to in excess of
50%. The exterior of the chamber (i.e., the ambient room) has
a constant RH of about 10% + 4%. On the wall of the humidity
chamber, there was a window of a diameter =3.6 cm (Figure S5,
Supporting Information), with a removable cover lid that could
be opened to position a film instead. Positioning the film there
allowed to impose a well-controlled relative humidity difference
(ARH) across the NFC film. The bending of the film was moni-
tored using a video camera, and the curvature k (cm™) was
calculated as described in the Experimental Section (also Sup-
porting Information, Figure S5 for illustration). We first inves-
tigated the effect of ARH on the bending curvature, keeping the
NFC film thickness fixed at 8 pm. Figure 3a shows the bending
kinetics upon exposing the humidity difference on the film.
It shows that for a fixed ARH = 40%, a steady-state curvature
was obtained within tens of seconds. That a steady state was
obtained was confirmed by observing that the curvature was
approximately constant for 24 h. For smaller humidity differ-
ence values ARH, essentially similar observations were made
although the steady-state curvature was smaller (see Figure 5a).
Figure 3b shows the corresponding kinetics toward a flat state
when the humidity stimulus was removed, where the curva-
ture initially quickly decreased in the first 15-20 s, and the ulti-
mately process toward completely flat film was finished eventu-
ally in a minute. Similarly, Figure 4a shows the development
of bending curvature of NFC films of different thicknesses
upon keeping a fixed humidity difference ARH = 40%. Also,
here, the achievement of the steady-state curvature is evident
with a fraction of minute, as well as relaxation toward the flat
state upon removing the exposed humidity (Figure 4b). As
shown in Figure 5a, the bending curvature increased gradually
from 0.3 to 0.75 cm™! as ARH was increased from 10 to 40%,
as illustrated for the film of thickness 8 pm. Finally, we inves-
tigated the steady-state bending curvatures of the NFC films
with different thicknesses while fixing ARH at 40% (Figure 5b).
Only relatively thin films (i.e., those with thickness less than
20 pm) showed high bending curvature, whereas the film with
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Figure 2. Qualitative demonstration of reversible and bidirectional humidity-driven bending of the NFC film. a) The NFC film (dyed blue with methylene
blue to promote visualization) bends upward when placed on a hand. b) When the deflected NFC film is turned upside down, it first recovers to its
original flat shape and further deflects in the reverse direction. The images are snapshots from Supplementary Movie 1.

a thickness of =38 pm showed only moderately small bending
of about 0.2 cm™, and the one with thickness of =48 pm exhib-
ited only a minimal curvature. Finally, as a reference, a classic
paper sheet of thickness 60 pm and using the humidity of
ARH = 40% resulted in limited bending during 24 h (Figure S7,
Supporting Information). The steady-state bending obtained by
exposing the nanocellulose sheets asymmetrically to humidity
was unexpected, as previously classic paper sheets were
observed to show only transient bending and recovery to flat
shape upon placing paper sheets onto liquid water.!!8]
Regarding the actuation mechanism, we present arguments
that suggest the bending is due to the formation of a bilayer-
like structure consisting of asymmetric humidity-swollen and
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nonswollen layers. First, because of their hygroscopic nature,
celluloses are known to swell due to absorbed moisture. There-
fore, immediately after exposing the NFC film asymmetrically
to water vapors, a thin hydrated swollen surface layer is formed
whereas the bulk of the film is still in the equilibrium ambient
low humidity state, thus forming a bilayer-like structure. Within
a few seconds, the film starts to bend in the direction that is
consistent with the volume increase of the hydrated surface
layer. Importantly, if the humidity exposure was then stopped
after a few seconds, the film recovered its original flat shape in
a fraction of a minute. This indicates that the thin swollen layer
vanishes, and there remains no asymmetry to drive bending.
Indirectly, this shows that the humidity swollen surface layer
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Figure 3. Time dependence of the bending for different humidity values
for a fixed film thickness of 8 ym. a) Bending dynamics upon initiating the
humidity exposure. b) Relaxation dynamics after removing the humidity
exposure. The stepwise scatters in the data reflect on the high sensitivity
due to the miniature air flows within the set-up.

becomes equilibrated with the ambient low humidity level in a
time scale of a minute due to water evaporation. On the other
hand, by continued asymmetric exposure to water vapors, the
humidity-driven swelling front progresses toward the opposite
surface of the film. Also there it is expected that the equilibra-
tion of the surface humidity with the lower environmental value
takes place, thus leaving effectively a bilayer-like material with a
thin nonswollen surface layer. This means that a dynamic bal-
ance is acquired, having a swollen layer due to vapor influx and
the opposite surface being more dry due to water evaporation.
This would explain the steady-state bending.

Although the bending of the NFC films is remarkable, we
emphasize that the required swelling to explain the bending
is actually very small due to the small film thickness. This can
be analyzed by the swelling ratio AL/L, where L is the original
length of the NFC film and AL is the increased length on the
swollen side. The swelling ratio can be derived by consid-
ering the relationship between the dimensional change and
the deflection curvature of the NFC films, and it obeys the fol-
lowing rule (see Supporting Information, Figure S6 and the
associated discussion for details)
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Figure 4. Time dependence of the bending for different film thicknesses
for a fixed humidity value difference ARH = 40%. a) Bending dynamics
upon initiating the humidity exposure. b) Relaxation dynamics after
removing the humidity exposure.

AL/L=d*k 1)

where d is the film thickness and k is the deflection curva-
ture of the film. In our experiments, even when ARH = 40%
(Figure 5b), the swelling ratio of the 8-um NFC film is esti-
mated to be only about 0.06%; whereas for the 48-um film, the
swelling ratio is about 0.09%. Such small swelling ratios make
it not practical to directly demonstrate the volume change of
NFC films by conventional microscopy methods in accordance
with our experimental observation. From Equation (1), we can
also understand the effect of film thickness on its deflection
capability. Given a certain swelling ratio, the deflection curva-
ture of a film is inversely proportional to the film thickness.
This explains why a thin film is important for sensitive deflec-
tion. Use of cellulose nanofibers is important for the remark-
able deflection of the films, as it allows more facile bending
due to the nanometer lateral diameter in contrast to the thicker
paper fibers, which also provide challenges to make very thin
films. This reasoning is also supported by our observation

Adv. Mater. Interfaces 2015, 2, 1500080
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Figure 5. a) The steady-state bending curvature as a function of humidity
difference (ARH) for a film with film thickness of 8 pm. b) The steady-
state curvature decreases strongly for increased film thickness at fixed
humidity difference ARH = 40%. c) Reversible and repeated deflection of
the NFC film (thickness 8 pm) upon cyclic humidity change.

Adv. Mater. Interfaces 2015, 2, 1500080

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

INTERFACES

www.advmatinterfaces.de

that a classic paper sheet has slow and limited bending upon
exposing asymmetrically to water vapor (Figure S7, Supporting
Information). Also, if instead of water vapor, liquid water is
allowed to penetrate asymmetrically in classic paper sheets,
a transient bending is first observed, and thereafter the sheet
becomes again flat.l'® These observations suggest that use of
cellulose nanofibers allows making thin films and allows sen-
sitive, controlled, and steady-state actuation that leads to con-
ceptually different behavior in comparison to using liquid water
and classic paper sheets. Furthermore, the micro-/nanoscale
porous structure (Figure S2, Supporting Information, cross-sec-
tional SEM images) of the NFC films may facilitate the mois-
ture imbibition and diffusion within the nanocellulose network
when applying the humidity stimulus; it also facilitates the out-
ward diffusion of moisture when removing the humidity stim-
ulus. The microscopic porous structure of the NFC films thus
improves their bending and relaxation dynamics performances.
Finally, Figure S8 (Supporting Information) shows that to a
smaller extent, actuation is driven even by vapor of other vola-
tile polar solvents, such as ethanol and acetone, whereas vapors
of nonpolar solvents did not have any effect.

This reversible deflection-recovery process can be repeated
for more than 20 cycles without observable fatigue (Figure 5c).
The slower recovery rate relative to the deflection process is
because of the fact that desorption of moisture is more difficult
than its absorption in accordance with the highly hydrophilic
and hygroscopic character of the NFC film.

Finally, to qualitatively further demonstrate the high sensi-
tivity for the humidity, the deflection can be even induced at a
distance by just approaching a finger toward it, i.e., remotely
without direct touching (Figure 6, also see Supplementary
Movie 2, Supporting Information). When a finger approached
the NFC film from the bottom left or bottom right parts, local
upward deflection at the corresponding parts readily took place.
When the finger approached from the top middle part, the film
deflected downward. Therefore, even a very slight and local
humidity increase close to the NFC film can create local asym-
metric swelling of the film and induce local bending. As a final
qualitative example, the shown actuation inspired us to mimic
the humidity-dependent curling and blooming glory flower.2”]
We prepared a four-petal NFC film “flower” and put it onto a
metal mesh. When a water-soaked paper towel was approaching
the flower under the mesh, the flower began to fold gradually
(Figure 7a) due to the upward deflection of the petals. Whereas
when the wetted paper towel was withdrawn away, the folded
flower would bloom and recover to its original shape through
desorption of moisture (Figure 7b). The dynamic folding and
blooming process is shown in Supplementary Movie 3 (Sup-
porting Information).

3. Conclusion

We show that sufficiently thin films made of cellulose
nanofibers (NFC, MFC) allow water vapor controlled actuation
that is sensitive to difference of the humidity levels across the
different sides of the film. Unlike the previously reported liquid
water driven transient bending of paper sheets, the present con-
cept leads to steady-state bending in a fraction of minute, where
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Remote shaping of a nanocellulose film

Figure 6. The sensitivity of the humidity-driven bending is demonstrated here where the bending is induced even by a finger at a distance of a few mil-
limeters, i.e., without direct contact. Upward deflection from the a) left, b) right parts, and downward deflection from c) the central part by approaching
a finger toward different parts of the film. The NFC film is placed on the top of a plastic cap. The images are snapshots from Supplementary Movie 2.

the curvature increases based on the humidity. The bending
is reversible, directional, and allows cycling, and the extent of
the curvature can be controlled by the film thickness. In very
thick films, the curvature is not observed. We suggest that the
mechanism is based on the formation of a dynamic bilayer-like
structure in thin films consisting of the contrast between the
water swollen surface and the opposite surface where the water
is evaporated. The concept stimulates toward facile and sensi-
tive humidity actuations and sensing, for example, when com-
bining with electroactive and other functional units, as well as
devices allowing locomotions.

4. Experimental Section

The nanofibrillated cellulose (NFC) was prepared from an aqueous
native birch pulp by first washing to Na* form using aqueous HCI

(0.1 m) and NaHCO; (0.005 m). The pH was adjusted to 9 with NaOH
and then passed 12 times through a high-pressure homogenizer, which
finally formed a hydrogel and the resulted nanofibers have a diameter
of =9 nm, as described before.?'l The NFC films were prepared by
filtration of nanofibrillated cellulose aqueous dispersion (0.1 wt%,
diluted from hydrogel), followed by drying under ambient conditions.
A millipore membrane (pore size 0.22 ym) was used for filtration.
The thickness of NFC films was controlled by adjusting the volume
of aqueous dispersion during the filtration process, and a series of
NFC films with thicknesses varying from 8 to 48 pm was prepared.
Morphology of the NFC film was investigated by field-emission
scanning electron microscopy (Zeiss Sigma VP) at 1.5-keV electron
energy. All the samples were sputtered with a thin layer of gold/
platinum (Emitech K100X) before imaging.

The curvature was calculated as follows

deflection angle x 7t + 180

Curvature (k) = i

Figure 7. a) The folding and b) blooming of NFC “flower” supported on a metal mesh driven by approaching and withdrawing a water-soaked paper
towel under the mesh. The NFC film was dyed blue with methylene blue to aid visualization. The images are snapshots from Supplementary Movie 3.
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where L is the film-free bending length,
(Supporting Information).

as shown in Figure S5

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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