
 
 

 

 
 

Cellulose membranes as moisture-driven actuators with predetermined deformations and high
load uptake

Jiang, Xiaofeng; Tian, Bingkun; Xuan, Xiaoyu; Zhou, Wanqi; Zhou, Jianxin; Chen, Yaqing; Lu,
Yang; Zhang, Zhuhua

Published in:
International Journal of Smart and Nano Materials

Published: 01/01/2021

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1080/19475411.2021.1906780

Publication details:
Jiang, X., Tian, B., Xuan, X., Zhou, W., Zhou, J., Chen, Y., Lu, Y., & Zhang, Z. (2021). Cellulose membranes as
moisture-driven actuators with predetermined deformations and high load uptake. International Journal of Smart
and Nano Materials, 12(2), 146-156. https://doi.org/10.1080/19475411.2021.1906780

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/cellulose-membranes-as-moisturedriven-actuators-with-predetermined-deformations-and-high-load-uptake(5f86b5e5-cbcf-4deb-a503-46e86ac6b51e).html
https://doi.org/10.1080/19475411.2021.1906780
https://scholars.cityu.edu.hk/en/publications/cellulose-membranes-as-moisturedriven-actuators-with-predetermined-deformations-and-high-load-uptake(5f86b5e5-cbcf-4deb-a503-46e86ac6b51e).html
https://scholars.cityu.edu.hk/en/publications/cellulose-membranes-as-moisturedriven-actuators-with-predetermined-deformations-and-high-load-uptake(5f86b5e5-cbcf-4deb-a503-46e86ac6b51e).html
https://scholars.cityu.edu.hk/en/journals/international-journal-of-smart-and-nano-materials(3935540b-4f64-4877-b705-5431bad2b324)/publications.html
https://scholars.cityu.edu.hk/en/journals/international-journal-of-smart-and-nano-materials(3935540b-4f64-4877-b705-5431bad2b324)/publications.html
https://doi.org/10.1080/19475411.2021.1906780


Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tsnm20

International Journal of Smart and Nano Materials

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tsnm20

Cellulose membranes as moisture-driven
actuators with predetermined deformations and
high load uptake

Xiaofeng Jiang, Bingkun Tian, Xiaoyu Xuan, Wanqi Zhou, Jianxin Zhou, Yaqing
Chen, Yang Lu & Zhuhua Zhang

To cite this article: Xiaofeng Jiang, Bingkun Tian, Xiaoyu Xuan, Wanqi Zhou, Jianxin Zhou,
Yaqing Chen, Yang Lu & Zhuhua Zhang (2021) Cellulose membranes as moisture-driven actuators
with predetermined deformations and high load uptake, International Journal of Smart and Nano
Materials, 12:2, 146-156, DOI: 10.1080/19475411.2021.1906780

To link to this article:  https://doi.org/10.1080/19475411.2021.1906780

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 06 Apr 2021.

Submit your article to this journal 

Article views: 346

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tsnm20
https://www.tandfonline.com/loi/tsnm20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/19475411.2021.1906780
https://doi.org/10.1080/19475411.2021.1906780
https://www.tandfonline.com/action/authorSubmission?journalCode=tsnm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tsnm20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/19475411.2021.1906780
https://www.tandfonline.com/doi/mlt/10.1080/19475411.2021.1906780
http://crossmark.crossref.org/dialog/?doi=10.1080/19475411.2021.1906780&domain=pdf&date_stamp=2021-04-06
http://crossmark.crossref.org/dialog/?doi=10.1080/19475411.2021.1906780&domain=pdf&date_stamp=2021-04-06


ARTICLE

Cellulose membranes as moisture-driven actuators with 
predetermined deformations and high load uptake
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aKey Laboratory for Intelligent Nano Materials and Devices of Ministry of Education, State Key Laboratory of 
Mechanics and Control of Mechanical Structures, and Institute of Nanoscience, Nanjing University of 
Aeronautics and Astronautics, Nanjing, Jiangsu, China; bDepartment of Mechanical Engineering, City 
University of Hong Kong, Kowloon, Hong Kong, SAR 999077, China

ABSTRACT
We report the synthesis of cellulose membranes from balsa wood 
with an exceptionally high responsivity to humidity change by 
chemical processing and mechanical compression. By varying the 
ambient humidity, the produced cellulose membranes can provide 
a variety of predetermined deformations, such as curve, s-like 
deformation and curl. The high humidity responsivity is originated 
from a self-maintained moisture gradient induced by an asymme-
trical design of membrane surfaces, aided by the hygroscopic swel-
ling of the cellulose. The moisture-driven actuators are then 
demonstrated as a three-finger gripper that can grab, hold and 
release objects 40 times the weight of its own. The combination 
of natural wood and stimuli-responsive behavior open a way to 
designing smart structures, actuators and soft robots with environ-
mentally friendly, recyclable and biocompatible materials.
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Introduction

The rational design and realization of smart materials are one of the fast-growing 
fields in materials science and engineering [1–8]. The functional materials with 
a controllable and intelligent response to external stimuli are of particular appeal 
and practical import, especially when the responsiveness is inherently incorporated 
in the materials [9–14]. One of the most typical applications of these materials is 
to serve as actuators, which convert the external stimulation from moisture varia-
tions as well as thermal, optical, electric and magnetic fields into desirable 
mechanical deformations or motions. These smart materials have exhibited huge 
potential for technological applications in soft robots, artificial muscles, bionic 
devices and shape-memory devices [15–20].

Among various actuators, humidity-responsive actuators can deform as 
a response to the change of humidity via the asymmetric absorption-desorption 
of water or swelling-deswelling of active layers [21]. This sort of actuators avoids 
the use of large optical, electric and magnetic fields that not only require sophis-
ticated devices to generate but also may cause local heating to undermine the 
durability of materials. The humidity-driven actuators have been fabricated with 
various natural or artificial materials, including copy paper, π-stacked carbon 
nitride polymer, xerogel film, NaAlg-epoxidized natural rubber, cellulose nanoma-
terials, carbon nanotubes/shape memory polyurethane, paper derived from nature 
pollen, nafion-polypropylene-PDMS/graphite and agarose/polyacrylamide 
[5,15–17,21–25].

Compared to these above materials, woods, as a typical biological material, hold 
great advantage for their abundance, renewability, sustainability, anisotropy, and 
unique three-dimensional porous structures. Nowadays, wood is not only used in 
engineering but also widely studied in scientific research. Existing studies have 
reported the processing of woods into transparent woods [26,27], super woods 
[28] and ion regulation membranes [29] as well as the fabrication of generating 
sets [30,31] and solar steam generation devices [32]. However, some disadvantages 
are common to the existing humidity-responsive actuating materials, including 
complicated methods, expensiveness, deleteriousness and non-recyclability. There 
have been very few reports of using woods to develop stimulus-responsive 
materials.

In this work, we successfully fabricated thin cellulose membranes with high 
hydrophilicity, reconfigurability and recyclability from balsa woods by means of 
a series of unique processes including chemical processing, mechanical compres-
sion and heat treatment. Our extensive tests revealed an important role of the 
length rather than the width of the membranes in controlling the moisture-driven 
bending deformation. Interestingly, the curvature of the bent membrane is linearly 
proportional to the relative humidity difference (ΔRH) between two sides of the 
membrane. We further designed moisture-driven actuators by utilizing the asym-
metric swelling and deswelling of the membranes, which enable a rich variety of 
predetermined deformations. In particular, we managed to prepare a three-finger 
gripper with the membranes that act as a robot hand to controllably grab and 
release objects 40 times the weight of the three fingers.
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Experiments

Cellulose membrane preparation: The prepared balsa wood, which was cut along the 
vertical growth direction into various dimensions (thickness, = 1 mm; length, = 10 cm; 
width, <4 cm), was boiled in a solution made from 2.5 mol/L NaOH and 0.4 mol/L Na2SO3 

for 10 h. Then, the wood was immersed into the boiling 2Na2CO3 · 3H2O2 (0.83 mol/L) 
solution for 20 h [29]. After the treatment, the resulting wood was washed by deionized 
water several times and soaked in deionized water to get rid of residual chemical 
reagents. The removal of residual chemicals was done by washing the samples using 
deionized water for 5–6 times. The effective removal of the residual chemicals was 
ensured by a low ionic conductivity (<20 μS cm−1) of the solution in the final wash [29]. 
To maintain its structure and shape, the wood was treated by freeze-drying. The dried 
wood was compressed to obtain thin membranes with different thicknesses by a tablet 
press machine. Finally, the membranes were heated to different temperatures and kept 
for 30 min in a vacuum protective atmosphere.

Characterization: The surface and the cross-sectional morphologies of the membrane 
were characterized by Field Emission Scanning Electron Microscopy (FE-SEM) (Zeiss 
SIGMA HD). The functional groups of the membrane were characterized by Fourier 
Transform Infrared Spectroscopy (FTIR) (Thermo is 50). The contact angle (CA) of the 
membrane was measured by Contact Angle Meter (JC2000DS). The environmental tem-
perature and relative humidity were simultaneously measured by hygrothermograph 
(TH22R-EX).

Humidity responsivity test: The humidity responsivity of the membrane was measured 
by the device shown in Figure 2a. The humidity inside the box was adjusted by the 
humidifier and the relative humidity difference (ΔRH) between inside and outside of the 
box was measured by a hygrothermograph. The deflection angle and curvature of the 
membrane were measured to characterize the humidity responsivity performance of the 
membrane. The influences of the membrane size and the ΔRH on humidity responsivity of 
membranes were explored.

Tensile test: Tensile stress test was performed on an Electroforce 3200 mechanical 
testing machine. The test was carried at 23°C and relative humidity of 30% with no 
detectable air flow. The sample size was 3 cm long, 2 cm wide and 83 μm thick. The 
elongation rate was 0.02 mm per second [33].

Results and discussions

The chemical treatments can extract the intertwined lignin and hemicellulose from 
natural wood, resulting in increased number of pores and channels. The loosely- 
textured celluloses can be sufficiently exposed to the environment. The final chemical 
components of the membrane mainly include cellulose, with only a small amount of lignin 
and hemicellulose since the membrane is not completely white [29]. The porous structure 
favors the absorption and desorption of water from the cellulose membrane. Figure 1 
shows the mechanism of humidity-induced bending in the membrane, which directs the 
following experiments [34]. To better understand the humidity-response mechanism of 
the membrane, additional humidity responsivity tests were performed. The humidity 
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responsivity of the membrane under different ΔRH is characterized by the curvature 
(ρ, cm−1) [21] of the membrane, read as 

ρ ¼
θπ

180L
(1) 

where ρ is the curvature, θ is the deflection angle, and L is the free-bending length of the 
membrane. The length and width direction are perpendicular and parallel to the wood 
growth direction, respectively.

The high temperature heating can degrade the hemicellulose and amorphous cellu-
lose, which then changes the microstructure of the membrane. The hydrolysis of the 
oxygen-containing functional groups under high temperature heating will reduce the 
wood hygroscopicity. As such, the membranes become inactivated. The curvature (ρ) as 
a function of the heat-treatment temperature (T) is shown in Figure S1. It is shown that the 
curvature sharply decreases with the heat-treatment temperature when it is higher than 
300°C. At temperatures of 100 and 200°C, the cellulose membranes did not change color, 
suggesting a nearly pure drying process in which only water was desorbed from the 
membranes. When the temperature rises to 300°C or higher, the membranes became 
black due to a torrefaction process [35–37]. In this process, the cellulose, lignin and 
hemicellulose underwent pyrolysis, resulting in reduced content of H and O in the 
membranes and, thereby, degraded humidity responsivity. Figures 2b and 2c show the 
scanning electron microscopy images of the cross-section and surface morphology of the 
cellulose membrane heated at 300°C, respectively. The images indicate that the cellulose 

Figure 1. A schematic of a moisture-based actuation in our cellulose membranes.
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membrane has a lot of micrometer-sized pores and channels which collapse after the 
mechanical compression.

As shown in the Figure 3, the Fourier Transform Infrared Spectroscopy analysis of the 
fabricated membranes shows notable peaks at 3432.16 cm−1, characteristic of hydroxyl 
groups (O-H stretching vibration), 1630.52 cm−1 characteristic of C = O groups, and 

Figure 2. (a) A schematic diagram of the device for testing humidity responsivity. θ denotes the 
deflection angle of the membrane upon exposure to the moisture gradient (shown in blue). (b) 
A scanning electron microscope image of the cross-section of a cellulose membrane. (c) A scanning 
electron microscope image of a laterally compressed membrane.

Figure 3. (a) Fourier transform infrared spectroscopy analysis of the cellulose membrane. Inset: 
measured contact angle (CA = 43.66°) of the membrane. (b) Stress-strain curve of a dry cellulose 
membrane.
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1058.49 cm−1 characteristic of C-O groups (stretching) [38]. This analysis suggests the 
membranes are rich in oxygen-containing functional groups, which ensure a highly 
hydrophilic surface (CA = 43.66°) and thereby a high efficiency of water vapor intake in 
the cellulose membrane, as demonstrated by the Movie S1. We put a drop of deionized 
(DI) water (10 μL) and measured the absorbed rate. It takes 16 s for the first drop of DI 
water to be completely absorbed, while for the second and third drops of DI water it takes 
21 s and 30 s, respectively. The water intake will be saturated as the water content 
increases in the membrane. The moisture intake will cause rapid hygroscopic swelling 
and deswelling of the membranes upon external humidity stimuli [22]. The hygroscopic 
properties of the cellulose membranes will favor the implementation of the humidity- 
driven actuators. We also tested the stress-strain curve of a dry cellulose membrane, as 
shown in Figure 3b. The tensile strength of the dry membrane is around 0.74 MPa and the 
membrane breaks at around 1.2% strain. The Young’s modulus of the sample is around 
0.63 MPa.

The dependence of the membrane curvature on ΔRH is shown in Figure 4. The 
length and width of the membrane are 1.6 and 0.8 cm, respectively. The membranes are 
homogenous. Due to the homogeneity, the membrane will not be responsive if there is 
no moisture gradient across it. Figure 4a presents the evolution of the membrane 
curvature with time under different ΔRH. As long as ΔRH ≠ 0, the membrane will 
bend in about several milliseconds, showing excellent responsiveness to the moisture 
gradient. The rate of increase of the curvature increases with ΔRH, suggesting 
a stronger responsiveness at a higher ΔRH. At a given ΔRH, the curvature increases 
rapidly at the initial stage and then reaches a saturated value as the exposure time 
further increases. The duration required to reach an equilibrium state increases with 
increasing ΔRH.

When ΔRH ≠ 0, the surface exposed to a high humidity environment will absorb more 
moisture to distinctly expand with respect to the other surface. Therefore, the membrane 
begins to bend and eventually reaches a stable curved state over time. The stable 
curvature is found to increase with increasing the ΔRH. We turn to further explore the 

Figure 4. (a) Evolution of moisture-induced curvature (ρ) of a bent membrane with time (t) under 
different relative humidity differences (ΔRH). (b) A relationship of the ρ versus ΔRH. The insets show 
the bent membranes at ΔRH = 9% and 44%, respectively.
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relationship between the curvature and ΔRH, as shown in Figure 4b. The insets in Figure 
4b show the bending profiles of the membrane at the ΔRH of 9% and 44%, respectively. 
The relationship between the curvature and the relative humidity difference (ρ-ΔRH) 
displays an approximately linear behavior delineated by ρ = 0.024 ΔRH + 0.28. The 
curvature increases as the ΔRH increases and the maximum curvature reaches 1.3 cm−1 

at ΔRH = 44%, over twofold of previously reported xerogel films [21]. This result indicates 
that the relative humidity is the main driving force of the membrane bending and the 
cellulose membrane can be used as a functional component that sensitively responses to 
the external stimuli rather than only working as a supportive substrate. Apparently, the 
membranes can incorporate with other active layers to produce greater curvature [16]. 
The above results show that the cellulose membranes can be used to fabricate sensors to 
detect changes in the environmental humidity.

We adjusted the size of the membrane to study the effects of the width (W), length (L) and 
thickness (H) of the membrane on the bending behavior at ΔRH = 44%. The deflection angle 
(θ) does not change with the increasing of the width at L = 1.5 cm, which means that θ is 
almost immune to the variation of fiber length. However, θ shows an approximately linear 

Figure 5. Effect of membrane size on the deflection angle (θ) and curvature (ρ). (a) The θ versus width 
(black) at a given length of 1.5 cm; the red data show results of θ versus the length, at a given width of 
0.3 cm. (b) Profiles of bent membranes with different lengths, under a given ΔRH = 44%. (c) The 
relation between curvature (ρ) and the thickness (H) of the membranes. The length and width of the 
membrane are 1.6 and 0.8 cm, respectively. The relative humidity difference between two opposite 
surfaces of the membrane is around 50%.
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function of L, fit by θ ¼ 32:3Lþ 7:3, at a given width of 0.3 cm (see Figure 5a). Wood is known 
an anisotropic material because of highly orientated fibers. The length direction of the 
cellulose membrane is perpendicular to the fiber orientation. The membrane bends along 
the fibers due to the lateral expansion of the fibers. We have studied the relation between the 
deflection angle (θ) and length (L) of the cellulose membrane, as shown in Figure S2. Θ 
increases first with L, up to 76° at L = 3 cm, and decreases rapidly thereafter. When L exceeds 
3 cm, the decrease of θ is attributed to an increased membrane weight that resists the 
bending by gravity. The images in Figure 5b show how the membrane with different L bends 
under the same ΔRH. They illustrate the structural integrity of the swollen membranes.

We performed additional experiments to study the effect of membrane thickness (H), as 
shown in Figure 5c. The membrane has a size of 1.6 × 0.8 cm2. The heat treatment 
temperature and time are 300°C and 30 min, respectively. We prepared cellulose membranes 
with different thickness by adjusting the compression pressure. The obtained H are 94, 83, 77, 
71, 63, 53 and 48 μm at compression pressures of 0.5, 1, 2, 3, 4, 5 and 6 MPa, respectively. The 
membrane curvature first increases with increasing H to 83 μm and decreases thereafter. The 
maximal curvature reaches 0.92 cm−1 at H = 83 μm. The reason is that, when the compression 
pressure is higher than 1 MPa, the membrane structures become densified, resulting in the 
decrease of the curvature [28]. These results indicate that both the membrane length and 
thickness can influence the angle θ of the membrane, supporting an important role of the 
membrane geometry in controlling the bending behavior. The results can be used to guide 
the design of actuators with specific shape and bending behaviors.

The actuator made purely from cellulose membranes is reversible, but works under only 
in the presence of a moisture gradient. Taking a membrane size of 1.6 × 0.8 cm2 for example, 
the recovery time is about 40–75 s. The deflection angle of the membrane decreases from 
32° to 22° after 7 repeats, as shown in Figure S3. It can be seen from the above results that 
the prerequisite for the bending of the cellulose membrane is the imbalance of expansion 
caused by the humidity difference between two opposite surfaces of the membrane. In 
order to promote the application of cellulose membranes in ambient environment, they can 
be encapsulated to form the vertical humidity difference, by, for example, only sealing one 
surface of the membrane to prevent it from absorbing water. We design the moisture-driven 
actuators based on the cellulose membranes and transparent tapes, which enable different 
deformation modes by design, such as curve, s-like curve and curl, as shown in Figure 6a-f. 
Note that the actuator made from a cellulose membrane combined with transparent tapes 
is not reversible, but it can be responsive without a moisture gradient. In the case of curve, 
actuators whose left surfaces are completely sealed by a transparent tape will be bent in one 
direction in an environment with a relative humidity of 99%, shown in Figures 6a and 6b. 
The s-like curve can be achieved in an actuator, where both the upper left surface and lower 
right surface are sealed to allow for bending in two directions in the same environment 
(Figures 6c and 6d). The actuator whose left surface is completely sealed and right surface is 
sealed in part will curl in the same environment (Figures 6e and 6f).

After the chemical treatments, the cellulose membranes have a lot of micrometer-sized 
pores and channels, which can accommodate superparamagnetic nanoparticles and 
polymers [39]. Then, it is expected that the actuators can offer directional motion under 
external stimuli, such as magnetic fields, which is pertinent in light of that the cellulose 
membranes are light to facilitate the motion. The motion can also be controlled by 
internal stress gradient [40].
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It is of more practical implication that a two-finger gripper made by paper actuators can 
grasp and lift a cubic polymer foam as heavy as 0.19 g [16]. Furthermore, we use our actuators 
to make a three-finger gripper which can grasp and pick 0.62 g foam in an environment with 
a relative humidity of 99% (Figures 6g and 6h, Movie S2). This foam is 40 times the weight of 
the three fingers, which, to our knowledge, is the record high value for moisture-driven 
actuators. We attribute the high capability of load uptake to the relatively rigid cellulose 
components in the membranes.

Conclusion

The heat-treated cellulose membranes have been successfully prepared and demonstrated to 
act as moisture-driven actuators with designable deformations and high load uptake. Through 
different designs of the cellulose membranes, the as-produced actuators can sensitively 
convert humidity signals into various mechanical motions such as curve, s-like curve, curl, 
etc. A three-finger gripper made by actuators can grasp and pick 0.62 g foam that is 40 times 
the weight of the three ‘fingers’. The moisture-induced deflection angle is nearly immune to 
the variation of membrane width, but can increase with increasing the membrane length and 
thickness. At a given membrane size, the curvature is proportional to the relative humidity 
difference. The membranes made by natural wood are environmentally friendly and recycl-
able, which meets the requirements of sustainable development. These results open a wealth 
of opportunity for harnessing stimuli-responsivity of abundant wood materials for achieving 
new smart structures and devices, such as flexible robots and self-unfolding structures.

Figure 6. Pre-determined deformations and application of the actuators. When the actuators are 
transferred from the ambient environment (a, c, e, g) to a high humidity environment with a relative 
humidity of 99% (b, d, f, h), their shapes will change according to the designs. (a, b) Curve. One surface 
of the actuator is completely sealed by a transparent tape. (c, d) S-like curve. The upper half is sealed 
on the left-hand side while the lower half is sealed on the right. (e, f) Curl. One surface is completely 
sealed while the other is partially sealed. (g, h) A three-finger gripper, which can grab, hold and release 
a 0.62 g foam 40 times the weight of the three fingers.
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