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Abstract: Due to the rapid development of intelligent technology and the pursuit of green environ-
mental protection, responsive materials with single response and actuation can no longer meet the
requirements of modern technology for intelligence, diversification, and environmental friendliness.
Therefore, intelligent responsive materials have received much attention. In recent years, with the
development of new materials and technologies, cellulose materials have become increasingly used
as responsive materials due to their advantages of sustainability and renewability. This review
summarizes the relevant research on cellulose-based intelligent responsive materials in recent years.
According to the stimuli responses, they are divided into temperature-, light-, electrical-, magnetic-,
and humidity-responsive types. The response mechanism, application status, and development trend
of cellulose-based intelligent responsive materials are summarized. Finally, the future perspectives
on the preparation and applications of cellulose-based intelligent responsive materials are presented
for future research directions.

Keywords: cellulose; actuator; response; temperature; biomimetic robots

1. Introduction

At present, the rapid development of materials science and engineering, civil and
structural construction engineering, and the manufacturing industry has greatly promoted
the transformation of electronic technology from traditional rigid rectangular buildings
to flexible, electronic, and various flexible building forms. Intelligent driving materials
can convert external energy from external stimulus [1] into mechanical energy and bring
shape changes [2]. It is widely used in soft robots [3], artificial muscles [4], actuators [5],
and other fields. An actuator is a device that can convert universal input energy into
mechanical motion. This broad definition has led to a wide variety of actuators with
different classifications. According to the definition proposed by Constantinos et al. [6]
in 1999, traditional actuators include electric, hydraulic, and pneumatic types. These
actuators can utilize electromagnetic energy to provide rotary or linear motion (known
since Faraday’s experiments in 1821 [7]). In the initial phase, soft actuators are mainly based
on block and plate structures exhibiting in-plane deformation in the presence of variations in
volume, alignment, and permutation. Subsequently, a great deal of research has focused on
soft actuators with dual wafer or gradient structures, which involve reversible deformation
between two-dimensional (2D) shapes and three-dimensional (3D) shapes. However, in this
case, a limited number of deformation modes can be used, such as bending and twisting [8].

In nature, many biological phenomena utilize the principle of actuators, such as sun-
flowers growing toward the sunlight; the leaves of plants converting light energy into
organic matter through photosynthesis; and pine cones falling from trees, contracting when
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exposed to water. In nature, many organisms use one-dimensionally shaped structures
to adapt or change their living environment. Typically, animals, especially mammals,
execute multiple bodily movements by controlling the contraction or relaxation of muscles
attached to bones or other organs; sunflower stems exhibit phototropic bending toward
sunlight to harvest more energy. These natural phenomena have inspired the development
of novel soft actuators. Inspired by intelligent systems in the natural environment, people
are committed to converting external stimulus such as electricity, light, heat, humidity, or
magnetism into energy. Electric response actuators have advantages in energy conversion
efficiency, the amount of stored energy, and controllability [9]. Optical responsive actuators
are an intangible and remote control method with advantages in energy, wavelength se-
lectivity, and ecological friendliness [10]. In this type of actuation, light is absorbed and
converted into thermal or electrical energy, achieving photothermal and optoelectronic
actuation [11]. Thermal and humidity responsive actuation typically relies on the expansion
or contraction of materials caused by changes in temperature or humidity [12–14]. In addi-
tion, by assembling multi-layer materials with different responsibilities, their performance
can be further improved or new properties can be added. For the magnetic-responsive
actuation, magnetic fillers are added to soft materials to generate shape-changing forces
following changes in external magnetic fields [15]. As single actuators, thermal-, optical-,
electrical-, and magnetic-responsive actuators can only convert one type of energy into
another. However, recently, single actuators have been unable to meet human needs, and
more scientists have begun to study multi-responsive actuators [16], which has become a
development trend.

As a crucial component of any machine, the primary purpose of an actuator [17] is
to transform an input energy or signal into another form of energy or signal, which is
subsequently released. Typically constructed from multiple layers of thin films, an actuator
utilizes the asymmetric deformations from each layer as the driving force for its operation,
making it highly responsive to changes from external stimulus [18]. With their vast potential
for use in artificial muscles [19], neuroprosthetics bionics [20], precise control [21], and
smart homes [22], it is crucial to explore alternative materials to petroleum-based actuators
since they are non-degradable and non-renewable, which is contrary to the principles of
sustainable development.

As the most abundant natural polymer in the world, cellulose is a sustainable and
eco-friendly material that is increasingly being utilized as an actuator material. Cellulose
is a macromolecular polysaccharide composed of glucose, which is the main component
of plant cell walls [23,24]. It is a sustainable and renewable raw material with character-
istics such as reusability, non-toxicity, environmental friendliness, biocompatibility, and
biodegradability. It is one of the most abundant and commonly used biopolymers on
Earth. Cellulose macromolecules are composed of a repetitive β-D-glucose unit, which
is covalently linked by glycosidic bonds between hydroxyl groups [25], forming a linear
macromolecule. Cellulose has strong hydrogen bond and high crystallinity within and
between molecules, thus having excellent mechanical properties. The polymer chains of
cellulose in natural cellulose fibers form a layered network structure through intermolecular
and intramolecular bonds that are created by the abundant hydroxyl groups in the cellulose
macromolecules. This particular structure also grants cellulose fibers exceptional moisture
absorption and swelling properties, leading their responses to water molecules [26].

So far, cellulose has been discovered as an intelligent material that can be used as
sensors [27], actuators [28], smart devices [29], and so on. It can be used as Electroac-
tive Paper (EAPap) [30], which has advantages such as light weight, flexibility, dry-
ness, biodegradability, easy chemical modification, and cheapness [31]. Cellulose has
become a green and renewable chemical resource, making great contributions to human
development [32]. Figure 1 summarized the response styles and different applications of
cellulose-based actuators.
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2. Preparation of Cellulose-Based Responsive Materials

The structure of cellulose-based actuator polymers can be roughly divided into
isotropic [33] and anisotropic structures [34]. Current methods to achieve complex defor-
mation can be divided into two main categories. One is the non-homogeneous excitation of
isotropic cellulose-based actuators or hydrogels, such as localized electric fields or localized
light. The main principle is that the local stimulation for the complete cellulose-based
actuator will only present locally uniform changes; however, multiple different degrees
of stimulation will make the overall actuator uneven deformation. Through a reason-
able structural design or program design, the complex deformation of the actuator can
be realized.

The second is the anisotropic cellulose-based actuator, which can be used as the
actuator layer therein by introducing the orientation structures or orientation patterns of
the cellulose fibers. When the actuator is uniformly stimulated, the anisotropic structure
causes the cellulose-based actuator to be subjected to different variations in each direction,
generating forces of different strengths, which in turn cause the actuator to undergo complex
deformation. Here we focus on the preparation method of anisotropic actuators that has
been extensively studied. The anisotropic structures of cellulose-based actuators are mainly
categorized into single-layer (also called gradient), bilayer, and multilayer structures.

2.1. Single-Layer Structure

An anisotropic monolayer actuator is an ideal material, as it eliminates the necessity
for interface bonding or complexities in the production process commonly associated with
multi-layer structures. Both the gradient distribution of some fillers and the gradient
distribution of polymer chains can produce shape changes in cellulose-based actuators with
gradient structures. Therefore, the ways to prepare cellulose-based actuators with a gradient
structure can be broadly classified into two categories. (1) The construction of gradient
structures is realized by generating an asymmetric distribution of polymer chains in vivo.
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For example, Roop sung et al. [35] employed electrophoresis to manufacture a single
gradient hydrogel actuator utilizing cellulose nanocrystals (CNCs). As shown in Figure 2a,
this hydrogel actuator showed temperature-responsive bending behavior, whereby the
bending angle progressively increased over time, resulting in the formation of a semicircular
shape, as the temperature rose from 25 ◦C to 50 ◦C within four minutes. As shown in
Figure 2c, Schäfer et al. [36] developed a single-layer actuator consisting of polymer-
modified cellulose paper, which shows a bending response when exposed to moisture,
as shown in Figure 2d. The researchers showed that this design not only minimizes
the likelihood of delamination, but also simplifies the overall design and construction
processes in contrast to multilayer structures. (2) The second category is embedding stimuli-
responsive nanoparticles in the polymerization process and utilizing their migration in
an applied electric or magnetic field to form a gradient arrangement. For example, Wang
et al. [37] immersed Fe3O4 nanoparticles into nitrocellulose fibers of chromatography paper.
As shown in Figure 2b, they observed that the end of the fiber showed augmented deflection
and bending angle as the magnetic field strength increased, indicating the reversibility of
this effect. Additionally, the fiber exhibited the ability to pick up paper masses twice its
own weight under magnetic stimulation.
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Figure 2. (a) A single gradient hydrogel actuator utilizing cellulose nanocrystals (CNCs). Repro-
duced with permission [35]. Copyright 2023. The Royal Society of Chemistry. (b) Fabrication
process of Fe3O4/paper nanocomposite via a low-cost blending method. Reproduced with permis-
sion [37]. Copyright 2018. ELSEVIER. (c) Single-layer actuator consisting of polymer-modified paper.
(d) Cross-sectional ESEM images of single-layer films at different RH. (e) polymer modified
“layer” pointing down, in the 50% RH and 90% RH. Reproduced with permission [36]. Copyright
2023. Biomimetics.

Fibrous cellulose nanofibers (CNFs) possess a high aspect ratio, which facilitates the
intercalation of water molecules within the cellulose network and enhances actuation
performance. Lopes et al. [38] prepared CNF monolayer membrane actuators with the
carboxymethylation of CNF. As shown in Figure 2d,e, upon observation of the film under
100% relative humidity, a substantial volume expansion was observed through microscopic
morphology analysis.
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2.2. Double-Layer/Multi-Layer Structure

At the present stage, the preparation of bilayer actuators mainly consists of two meth-
ods: layer-by-layer deposition [39] and reversible switch assembly [40]. In the preparation
process of layer-by-layer deposition, the polymer of the second layer will penetrate into the
first layer in a small amount, forming an interpenetrating network at the interface and thus
making the two layers closely connected. For example, Liu et al. [41] electrospun PNIPAM
and TPU into a bilayer-structured actuator, where the interfaces can be strengthened by the
hot-pressed melting TPU, and the thermal responsiveness of the actuator can be modulated
by adjusting the thickness of the two fiber membranes. For the reversible switch assembly
method, generally the actuator layers are connected by host–guest interactions or hydrogen
bonding, which makes the layers tightly connected together to form a bilayer structure
actuator. For example, Ma et al. [42] constructed a bilayer-structured hydrogel actuator by
a supramolecular building block assembly method, in which they prepared a responsive
body hydrogel with a β-cyclodextrin structure and carboxyl groups and a non-responsive
guest hydrogel containing ferrocene groups. After that they utilized such reversible host–
guest interactions between β-cyclodextrin and ferrocene to assemble a hydrogel actuator
that could bend with the changes of pH value and ionic strength.

In addition to the two methods mentioned above, many researchers have bonded
hydrogels and polymers together by simple methods of preparing polymers, such as in in
situ polymerization, which is one of the effective methods for synthesizing nanocomposites
and appears to be particularly useful in the synthesis of composites based on monomers.
As shown in Figure 3a, Wu et al. [43] prepared a paper/PNIPAM composite hydrogel
actuator. Due to the in-situ polymerization of NIPAM monomer integrating the thin paper
and hydrogel layers together, and the strong bonding of the bilayer structure, the hydrogel
composite actuator can achieve a variety of controlled deformations, showing remarkable
photothermal responsiveness. As shown in Figure 3b, Chen et al. [44] also used the in situ
polymerization method by applying a N-isopropylacrylamide (NIPAM) monomer on the
surface of a bamboo sheet to form a continuous layer, followed by UV polymerization to
convert it into a PNIPAM hydrogel, resulting in an anisotropic bamboo/PNIPAM hydrogel
complex (ABH) actuator. With the difference of adopting a morphogenetic approach based
on a natural bio-template of bamboo, they demonstrated how its biomimetic structure
can integrate the features of high-strength, fast response, and programmable composite
deformation into a single device.

In general, the ability to respond to external stimuli of the single-layer cellulose-based
actuator is limited. Hence, researchers are increasingly incorporating additional functional
polymeric materials and anisotropic structural materials to enhance its performance [45].
For instance, the inclusion of conductive polymers can impart outstanding electroactive
characteristics to the actuator. For example, as shown in Figure 3c, Wu et al. [46] success-
fully fabricated a three-layer cellulose paper actuator with a capacitor-type design. This
actuator consists of two layers of doped poly (3-styrene sulfonate) (PEDOT/PSS) poly
(4,4-vinylidene dithiophene) thin films, with another polyelectrolyte layer sandwiched
in between. The actuator demonstrates a stable electromechanical deformation that is
symmetric in both directions. This cellulose paper-based actuator, with a thickness of
48 µm, achieves a maximum displacement of 0.05 mm when operated at a voltage of
5.8 V and a frequency of 1.5 Hz. As shown in Figure 3d, Naohiro et al. [47] utilized a gel
electrode composed of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose
nanofibrils (TOCN), PEDOT:PSS, and an ionic liquid (IL) for the preparation of a novel
actuator. This gel electrode actuator demonstrates exceptional electrical conductivity as
well as ion conductivity properties.
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3. Response Mechanism of Actuators
3.1. Temperature Response Mechanism

Temperature response refers to the transformation of a material’s state through changes
in the external environmental temperature [48,49], from the interaction between polymer
and water to the interaction between polymer and polymer. The heat source is usually
heating, electrothermal, and photothermal [50,51].

3.2. Light Response Mechanism

Photoactuation is a wireless- and remote-control method that has advantages in energy,
wavelength selectivity, and ecological friendliness. In this type of actuation, light is ab-
sorbed and converted into thermal, chemical, or electrical energy, achieving photothermal,
photochemical, and optoelectronic actuation.

The photo-thermal-responsive actuator, with its unique dual photo and thermal re-
sponses, can achieve process control and is remotely driven by a special light source, thus
realizing the comprehensive regulation of the actuator. It is worth noting that for the
photothermal response, the required light generally refers to the near-infrared light or
lasers, which possess high energy and non-radiation penetration. Thus, the light-controlled
regulation of the actuator is of great significance in areas that are inconvenient for people
to access.

3.3. Electrical Response Mechanism

Actuation by electricity is working based on the electric energy, which can be converts
into torque, then drives the actuator. Because of the fast conductive and clean energy of
electricity, the electrical response has the advantages of being quick, precise, and clean.
Many previous studies have found that cellulose has piezoelectric properties [52]. The
high crystallinity and abundance of polar hydroxyl groups make cellulose contain a large
number of dipoles with strong electron-donating ability, and thus cellulose can be used to
fabricate electrically responsive actuators.
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3.4. Magnetic Response Mechanism

Magnetic actuation is mainly from the addition of magnetic fillers to soft materi-
als, which follow changes in the external magnetic field to produce changes in shape or
torque. As is well known, the surface of cellulose contains abundant hydroxyl groups
and the porosity of cellulose. Magnetic particles can be easily added with cellulose to
produce composites. The commonly used ferromagnetic particles include Fe3O4 [53],
Fe2O3 [54], MnFe2O4 [55], CoFe2O4 [56], and so on. When the external magnetic field
changes, each magnetic particle will have a similar trend and undergo a relative adjustment.
Due to this adjustment, the cellulose composites can elongate or contract, leading to the
corresponding actuation.

3.5. Humidity Response Mechanism

It should be noted that cellulose contains a large number of hydrogen bonds, and the
interaction of hydrogen bonds provides the polymer with excellent hygroscopicity. The
absorption and desorption of water molecules by cellulose can significantly change its vol-
ume. At the same time, the abundant hydroxyl and carboxyl groups on the molecular chain
of cellulose result in cellulose itself being a hygroscopic material. Humidity-responsive
actuators have attracted great interest due to the presence of water in nature and the concept
of green environmental protection. The design principle of humidity actuation [57] is that
materials with different hydrophilicity have different responses to the humidity, and their
materials will undergo varying degrees of deformation due to swelling. When external
moisture or humidity increases, the materials will undergo a corresponding actuation. This
material system has great application potential in multifunctional or intelligent actuators.

4. Cellulose-Based Temperature-Responsive Actuators

Temperature-responsive actuators can undergo a volumetric phase transition through
the conversion of its own hydrophilicity.

Thermal-responsive materials are qualified candidate materials that can be directly
used as actuators by thermal stimulus [58]. Therefore, this kind of hydrogel generally has
a lower critical solution temperature (LCST) or a upper critical temperature (UCST) [59],
and the temperature-responsive hydrogel will expand or shrink when the temperature is
higher or lower than the critical temperature. For example, poly(N-isopropylacrylamide)
(PNIPAM), as a typical thermal-responsive polymer [60–62], has been widely studied by
researchers. The LCST of PNIPAM is approximately 32 ◦C [63], and the hydrophilic/
hydrophobic state of PNIPAM will change nearby. Since the thermal-responsive PNIPAM
micro gel was reported in 1986, PNIPAM hydrogel has been frequently used as the raw
material of actuators.

In general, the pure PNIPAM hydrogel is isotropic, and only has a simple volume
contraction or expansion under the condition of temperature change. Many researchers
focus on the cellulose-based composites with PNIPAM to achieve a complex deforma-
tion. For example, as shown in Figure 4a,b, Liu et al. [64] have successfully prepared a
bilayer hydrogel actuator with a vertically oriented anisotropic structure, which exhibits
temperature-responsive behavior. The top layer of the hydrogel is constructed using a dou-
ble network of poly(N-isopropylacrylamide)/cellulose nanofiber (PNIPAM/CNF), while
the bottom layer consists of a double network of polyacrylamide-co-acrylic acid/cellulose
nanofiber (PAM-AA/CNF). This bilayer hydrogel actuator demonstrates remarkable driv-
ing capability and mechanical performance, as it is capable of bending at a high speed of
70.10 (◦/s) and can lift a weight that is 21 times its own weight, as shown in Figure 4c.

In another work, Wei et al. [65] prepared a complex hydrogel based on dextran and
PNIPAM. When the temperature is higher than 32 ◦C, the PNIPAM molecular chain will
shrink, thereby extruding the curcumin loaded in the hydrogel (Figure 5a). As shown
in Figure 5b, Wang et al. [66] prepared a multifunctional composite nanocarrier poly(N-
isopropylacrylamide)-modified graphene oxide (PNIPAM-GO), and through a simple
physical adsorption process, load λ- Cyhalothrin (LC) onto PNIPAM GO nanocomposite
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carriers. However, it is a pesticide formulation that can adjust the pesticide release based
on changes in the external temperature and has a certain intelligent effect on crop growth.
As shown in Figure 5c, Chen et al. [67] integrated conductive hydrogel (carboxymethyl cel-
lulose) and thermal-responsive poly(N-isopropylacrylamide) (PNIPAM) hydrogel to form
a double-layer hydrogel, which has the ability to respond to environmental temperature
changes. More interesting is that because the hydrogel has different degrees of expansion
and contraction under different thermal stimuli, it can produce two-way bending. The
dotted lines in Figure 5c indicated the transmittance of the hydrogel reversibly changes
when the temperature changes.
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(c) Demonstrations of bilayer hydrogel as temperature-controlled manipulators at 45 ◦C. Repro-
duced with permission [64]. Copyright 2022. ELSEVIER. The red circle indicates the bilayer
hydrogel sample.

In addition, Joule heating is also a method of using electrical energy for heating, which
involves using thermal conductive materials as an electric heating layer, such as carbon
nanotubes [68,69], MXene [70,71], and so on. Conductive materials can be used as electric
heating layers, and then compounded with natural or synthetic cellulose to form a double-
layer actuator. For example, Wei et al. [72] reported a CNF (cellulose nanofiber)—MXene
(Ti3C2Tx) nanosheet-TA (tannic acid) composite, in which MXene nanosheets have excellent
conductivity, resulting in good Joule thermal performance of composite thin-film actuators.

Shape-memory polymer (SMP) can perform repeatable shape transformation under
various stimulus; thus, it has great application prospects in the field of actuators and has
been widely studied. As shown in Figure 6a, Bai et al. [73] prepared an electrospun cellu-
lose acetate (CA)/carbon nanotube nanofiber composite (CAC) with both shape memory
performance and self-powered sensing performance for the first time. The material was
stretched to 90% strain at 50 ◦C (higher than its Tg), cooled to room temperature to fix the
temporary shape, and then reheated to 90 ◦C to restore its original shape. As shown in
Figure 6b, it is clearly observed that CAC has the ability to fully restore its original shape,
while also having a shape fixation and recovery rate of over 95%. They also demonstrated
that the shape memory properties of the material are not related to the manufacturing
method and carbon nanotube content, but only to the CA itself.
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5. Cellulose-Based Light-Responsive Actuators

Light-responsive actuators using light as a stimulus source can not only be process-
controlled, but can also be remotely driven by a special light source, thus realizing the
comprehensive regulation of the actuator. It is worth noting that, in some inconvenient
entering areas, the intelligent light-controlled regulation of the actuator is very meaningful.

Many plants around the world have anisotropic cellulose structures, which play an
important role in determining the different forms and colors of plants. Color variations in
plants are mainly attributed to pigments and dye molecules. In addition to the structural
color of the plant itself, pigments in plants can undergo color changes through selec-
tive absorption of light by their internal structures as well as scattering and refraction of
light [74]. Cellulose nanocrystals (CNC) have emerged as prime candidates for manufactur-
ing materials with unique optical characteristics [75], owing to their high aspect ratio and
intermolecular interactions. Sun et al. [76] combined cellulose nanocrystals (CNCs) with
different surface charge density and particle size with phenol glutaraldehyde resin and
graphite oxide in a certain proportion to prepare composite materials of different colors, as
shown in Figure 7a. After immersion in water for 25 s and in dimethyl sulfoxide (DMSO)
for 20 min, the color of the films changed from green to red, but even after immersion
for 3 months, other solutions with smaller polarity would not change color, indicating
that it has a good degree of stability. This is a straightforward color change that only
takes place when the substance is immersed in a solution. Inspired by the color-changing
mechanism observed in neon lights, Li et al. [77] created a bionic smart hydrogel using
cellulose nanocrystals. This hydrogel demonstrates a dual response to both pressure and
temperature. As shown in Figure 7b, as vertical pressure is applied, the hydrogel’s color
changes from red to orange, yellow, green, and blue. Moreover, by maintaining a constant
external pressure and varying the temperature, the hydrogel is capable of undergoing a
comparable rainbow-like color transformation. Even more remarkable, Orelma et al. [78]
developed optical cellulose fibers by coating regenerated cellulose long filaments with
acetic acid fibers. These fibers possess mechanical properties that are comparable to textile
fibers. However, when light is observed in the range of 500–1400 nm, the cellulose fiber
exhibits an attenuation constant of 3.1300 dB/cm at 6 nm. When the fiber is immersed in
water, a substantial reduction in light intensity is achieved, indicating the potential use of
this optical cellulose fiber as water sensors.

In addition to the single temperature conversion mentioned above, photothermal
conversion is another actuation mechanism. The photothermal response actuator can
convert light energy into heat from carbon nanotubes [79], carbon nanorods [80], graphite
oxide [81], and other materials. Due to the high photothermal conversion and absorbance
of near-infrared (NIR) energy, the near-infrared laser is usually used as the light source.
For example, Zhao et al. [82] prepared a new type of double-layered nano-composite
hydrogel actuator containing nano fibrillar cellulose (NFC), poly (N-isopropylacrylamide)-
clay, and GO. GO absorbed near-infrared laser in the hydrogel and converted it into
energy leading to a temperature rise, thus making the volume of the composite hydro-
gel actuator shrink and bend. Li et al. [83] self-assembled cellulose nanocrystals (CNCs),
thin films, and polyurethane (PU) substrates, as well as dispersed in situ synthesized
silver nanoparticles (AgNPs) into the PU matrix. Due to the high photothermal con-
version efficiency and thermal conductivity of AgNPs, the elastomer exhibits excellent
photothermal conversion efficiency and thermal conductivity. As shown in Figure 8, Chen
et al. [84,85] made wood/PNIPAM and bamboo/PNIPAM composite hydrogel actuators,
respectively, by combining wood and bamboo with hydrogel through simple and rapid in
situ polymerization. The natural anisotropy of wood and bamboo [86–89] shows different
shapes of deformation under near-infrared light and can be remotely controlled by light
response actuation.
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Reproduced with permission [85]. Copyright 2022. ELSEVIER.
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6. Cellulose-Based Electrically Responsive Actuators

Intelligent electrically responsive actuators have the advantage of simple operation and
excellent controllability. These soft actuators can either convert electrical energy directly
into mechanical energy or drive thermally responsive materials through Joule heating.
Previously, it was reported that cellulose-based electroactive paper (EApap) [30] is used as
an electric-responsive actuator. This type of actuator is made of a piece of cellulose paper,
and its surface is composed of two electrodes. In fact, these two electrodes are basically
used to determine the performance of cellulose paper [90]. The cellulose of the paper
is arranged through the regeneration process, and usually the solid material undergoes
Coulomb interaction at higher voltages, leading to bending and responses. Muhammad
et al. [91] prepared a new type of composite gel from functionalized cellulose carboxylate
nanocrystals (CCNs) and polyvinyl chloride (PVC). Under the excitation of the specified DC
voltage (1000 V), the deformation of the actuator was about 36.7%, as shown in Figure 9a.

In addition to the direct conversion mentioned above, cellulose can also be combined
with some conductive materials to form a composite film, achieving more efficient elec-
troactive properties. For example, MXene [92,93] and graphene nanosheet (GN) [94] have
excellent conductivity and chemical stability, reducing the Joule loss during conversion into
electrical energy. Sen et al. [95] demonstrated that loading graphene nanosheets onto a mix-
ture of microcrystalline cellulose powder (MCC), 1-butyl-3-methylimidazolium chloride
(BMCl), and N,N-dimethylacetamide (DMA) results in better electroactive performance of
the cellulose-based composite actuator, as shown in Figure 9b. Tang et al. [96] prepared
a three-layer composite membrane as flexible actuator (called BMB). They sandwiched
pure MXene membrane between polypropylene (BOPP) and bacterial cellulose (BC) after
wet expansion and biaxial stretching. The BMB actuator could quickly lift a weight of
200 mg under a voltage of 4 V, as shown in Figure 9c, and gradually returned to its original
state after the voltage was turned off. They also used tape to stick a pair of plastic butterfly
wings (approximately 435 mg) to the free end of the RMB actuator. When the input voltage
is turned off, the butterfly wings will sag due to their own weight. However, when the
voltage of 4 V is turned on, the actuator quickly lifts the butterfly wings, and the work
conducted when lifting is higher than most actuators, as shown in Figure 9d,e.

Conductive polymers (CPs) can also be used as another component of actuator sys-
tems [97]. Due to their low price, affordability, high conductivity doping state, and large
storage capacity, they are very suitable for making electrochemical capacitors. Among
them, poly (3,4-ethylenedioxythiophene) (PEDOT) is considered as a very useful CP due
to its conductivity, stability, and processability [98]. In order to investigate the actua-
tion mechanism of electric-responsive actuators, Chalil et al. [99] prepared a poly (3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/bacterial cellulose bilayer
actuator. The electric response was performed using HCL, KCl, and LiCl electrolytes. They
found that the actuator was related to the hydrodynamic size of the cations presented in the
electrolyte. The experimental results also indicate that the PEDOT: PSS/bacterial cellulose
bilayer actuator has a cation-dominated driving mechanism. Driven by the external voltage,
the internal ions will move in the active layer, resulting in interaction, cross-linking between
groups, etc., finally leading to the change of material volume and deformation actuation.
Therefore, many researchers prepare ionic conductive hydrogels or actuators through ionic
liquids. Naohiro et al. [100] prepared a novel actuator with a cellulose nanofiber/poly (3,4-
ethylenedioxythiophene): poly (4-styrene sulfonate)/ionic liquid (CNF/PEDOT: PSS/IL),
which replaces carbon nanotubes (CNTs) with a CNF skeleton. The maximum strain and
maximum generated stress exhibited simultaneously exceeded the strain and maximum
stress by PEDOT: PSS/IL actuators without cellulose nanofibers (CNFs), indicating that
cellulose-based materials exhibit better strain performance in actuator devices.
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Figure 9. (a) Deformation of the pure PVC gel, PVC/CNT, and PVC/CCNs composite gel. Repro-
duced with permission [91]. Copyright 2023. AMER CHEMICAL SOC. (b) Effect of Gr loading on
electrical conductivity of samples (i) MCC, (ii) MCC–BMCl, (iii) MCC–BMCl–0.1Gr, (iv) MCC–BMCl–
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In another report, Wang et al. [101] prepared a low-pressure ion actuator based
on sulfonated cellulose nanocrystal (SCN), microfibrillated cellulose (MFC), graphene
nanoplatelets (GN), and ionic liquid (IL, [EMIM][BF4]). This actuator exhibited a significant
peak displacement of 0.1 mm at 1 V and 6.6 Hz. Furthermore, their team developed a
high-fidelity bioelectronic muscle actuator based on a carboxymethyl cellulose bacterial
cellulose (CBC) membrane using a simple zinc oxide (ZnO) particle leaching (PL) method.
The membrane showed a remarkable improvement of 70.63%, 22.50%, and 18.2% in ionic
liquid absorption capacity, ion exchange capacity, and ionic conductivity of CBC, respec-
tively. As shown in Figure 10a, the bending deformation of the CZ-PL membrane-based
actuator was 5.8 times larger compared to the pure CBC-based actuator [102].

Lai et al. [103] proposed pure cellulose nanocrystalline films as biomass actuators in
ionic solutions. They expanded the CNC film in 0.1 M NaCl and cut it into rectangular
cantilevers, which were installed in a simple dual motor test cell. A 10 V field was applied
to NaCl electrolyte solutions of different intensities. The CNC cantilevers showed reversible
driving with an alternating electric field potential for up to 20 min without mechanical
failure; then, they compounded CNC with polyacrylamide. As shown in Figure 10b, this
nanocomposite hydrogel showed reversible actuation at 1.4 ◦/s. Under 10 V, there was
no mechanical failure during 60 min of experimental operation. At the same time, they
also made a comparison. The sample without CNC did not show obvious actuation, which
further confirmed that CNC had an electric-responsive actuation behavior. As shown
in Figure 10c, Correia et al. [104] prepared cellulose nanocrystals with different surface
charges (neutral, positive, and negative) and incorporated an increasing amount of IL
2-hydroxyethyl trimethylammonium dihydrogen phosphate ([Ch] [DHP]) (10 and 25 wt%)
into the CNC master matrix. Regardless of the surface charge of the CNC, an increase
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in conductivity was observed when IL was incorporated into the CNC matrix. When a
voltage of 100 V was applied at a frequency of 9 mHz, a maximum bending displacement
of 8 mm was obtained.
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Reproduced with permission [103]. Copyright 2021. AMER CHEMICAL SOC. (c) Bending response
as a function of time for NaCMC/[Ch][DHP] composite at a 100 mHz frequency and 8 V. Reproduced
with permission [104]. Copyright 2020. MDPI.

7. Cellulose-Based Magnetic-Responsive Actuators

Intelligent magnetically responsive soft actuators for bio-inspired soft actuators offer
unique advantages over other soft actuators. These advantages include: (1) non-contact
remote control that can penetrate a wide range of materials; (2) precise manipulation by
controlling the direction and strength of the magnetic field; (3) enhanced controllability
by independently varying the magnetic field and gradient; (4) the ability to generate a
magnetic alternating current (AC) for use in applications such as magnetothermal therapy;
and (5) scalability and controllability of the actuator, which ranges from the nanoscale to
the macroscopic level. Their disadvantage is that they require complex and bulky external
devices to precisely control the magnetic field and its gradient.

As shown in Figure 11a, Wang et al. [37] made a cellulose paper/Fe3O4 nanocomposite
actuator through a low-cost blending. The actuator is driven by a magnet with a magnetic
strength of about 230 mT, and the maximum deformation and strain achieved by the
actuator are 30 mm and 100%, respectively.

Cellulose can be modified with magnetic materials, making it have excellent per-
formance in the magnetic field. As shown in Figure 11b, Chen et al. [105] developed a
nanocomposite, which is composed of rod-like cellulose microcrystals with magnetite
nanoparticles attached to its surface. This design takes advantage of the optical trans-
parency and birefringence of cellulose microcrystals and their anisotropic shape. When
their surfaces are modified by magnetite nanoparticles, their anisotropic shape enables
them to effectively align. Only a small amount of magnetite nanoparticles is needed to
conduct such a real-time and reversible orientation control of cellulose microcrystals, which
thus ensuring the high transparency of the system, as shown in Figure 11c.

Tomás et al. [106] produced a hybrid of cellulose nanocrystals decorated with magnetic
nanoparticles. This actuator can synergistically promote hASC tension through mechanical
sensing mechanisms and may regulate its paracrine signal transduction that promotes heal-
ing, thereby jointly promoting the improvement of the regenerative potential of engineered
tendon grafts. Kim et al. [107] synthesized a dense surface layer of cellulose nanofibers
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(made from Acetobacter xylinum), enclosing magnetic nanoparticles (MNPs) in a solid
matrix to form an actuator string with response to external magnetic fields. The nanofiber
actuator string is convertible in order to adapt to various shapes of tubular structures on
the cross-section, reducing friction and stress on organ tissue walls due to its softness and
plastic deformation. As shown in Figure 11d, such nanofiber skin strings can be bent at
acute angles through magnetic actuation and can be used as endoscopic guides to reach
targets deep in the kidney model.
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8. Cellulose-Based Humidity-Responsive Actuators

Intelligent humidity-responsive actuators can be used in the stimulus of liquid (mois-
ture) or vapor (humidity). Moisture gradients and changes in humidity are common
phenomena in nature. Various types of plants (e.g., mimosa and pinecones) respond
to water stimuli. These water-responsive plants (also known as tidal grasses) attribute
water-responsiveness and shape-altering properties to their bilayer structure, with each
layer responding differently to water stimuli, resulting in anisotropic deformation of the
bilayer structure.

Ge et al. [108] reported a photonic film based on cellulose nanocrystals (CNCS),
in which poly (ethylene glycol) dimethacrylate (PEGDMA) converges into the chiral
nematic structure of CNC through UV-triggered free radical polymerization in a N, N-
dimethylformamide solvent system. When the vertically fixed-size photonic film is exposed
to moisture on its left side for 4 s, the vertical bending angle of the composite film increases
to 135 ◦, and the bending rate is 4.6 ◦s−1, as shown in Figure 12a. Then, the moisture
was removed and the film returned to its original vertical position for about 10 s. They
further studied the reversibility of the film’s actuation and found that it exhibited excellent
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stability and reversibility after alternating exposure to moisture on both sides of the film for
20 cycles. Matthew et al. [109] used the humidity-driven volume change in carboxymethyl
cellulose (CMC) to manufacture the humidity response actuator on the glass fiber substrate.
As shown in Figure 12b, CMC-coated fiber showed a linear dependence on humidity in the
range of 5–40% relative humidity, and the response time was 1 min. Cellulose nanofibers
(CNFs) are obtained through the mechanical fibrillation of fibers. Due to their high aspect
ratio, they facilitate the formation of intercalation layers of water molecules in the fiber
network. Therefore, using CNFs as a substrate can significantly enhance their actuation
performance. As shown in Figure 12c, Lisa et al. [38] prepared thin films based on cel-
lulose nanofibers (CNFs), which undergo varying degrees of distortion and expansion
when in contact with water or organic solvents. Kuang et al. [110] designed a substrate
micropattern actuator based on selectively arranged cellulose nanofibers (CNFs). Due to
the presence of more intermolecular hydrogen bonds (H bonds) between CNFs, reversible
fracture and recombination can occur under the erosion of water molecules, resulting in
good controllability, fast response time (less than 1 s), and curl displacement actuation
during dehydration, as shown in Figure 12d.

Now, with the in-depth research of transparent materials, and due to their unique
transparency and invisibility, they have been widely used in stealth robots, biomimetic skin,
and other fields. Transparent actuators have also been extensively studied. Li et al. [111]
reported a transparent cellulose-based actuator driven by humidity and infrared (IR)
light, which is made of two layers of regenerated cellulose film (RCF) and hydrophobic
polytetrafluoroethylene (PTFE) film, as shown in Figure 12e. The principle of its actuation
is that RCF is hydrophilic (due to the presence of abundant hydroxyl groups), while PTFE
film is hydrophobic. This difference leads to the asymmetry of the bilayer membrane
structure, thereby obtaining internal stress that responds to the changes in environmental
humidity. When the relative humidity decreases to 29%, the RCF/PTFE actuator bends
towards the side of the RCF film, with a maximum bending curvature of 2.5 cm. Then,
the rate of curvature increase slows down. When the relative humidity increases to 50%,
the actuator returns to its original flat state. On the contrary, when the relative humidity
increased to 54%, the RCF/PTFE actuator showed significant bending towards the PTFE
film side, as shown in Figure 12f.

Combining high-performance materials with traditional environmentally friendly
cellulose-based materials is a universal strategy for developing intelligent, green materials
and flexible equipment. Transition metal carbides including carbonitrides and nitrides
(MXene) are two-dimensional layered materials with excellent photothermal conversion
capabilities and rich surface-chemical properties. As shown in Figure 13a, Cao et al. [112]
reported a two-dimensional MXenes/cellulose nanofiber (CNF)/biomacromolecule soft
actuator using a bio-inspired mesoscale assembly strategy that combines nano-, micro-,
and macro-length scales. When humidity increased, the actuator exhibited a direct rapid
actuation rate of 34.2 ◦s−1. Under infrared light (IR) heating, the actuator’s hygroscopicity
and actuation performance were significantly improved. Inspired by the structure of the
pearl layer of brick mortar, Wei et al. [113] prepared high-performance carboxymethyl
cellulose-based actuators. MXene nanosheets and Al3+ were introduced into the CMC
matrix through H and ion bonds, forming a multi-level pearl layer structure. The good wet
strength in a high humidity environment is 2.97 MPa, with impressive flexibility, as shown
in Figure 13b. More interestingly, due to the sensitive hygroscopicity of CMC molecules
and MXene nanosheets, as shown in Figure 13c, the composite film can also exhibit a
large bending angle (>180◦), rapid response/recovery (2.3/3.0 s), and excellent cycling
stability over 1500 cycles in response to humidity gradients, and simultaneously with
reversible deformation. Yang et al. [114] prepared pearl-layered and layered composite films
composed of MXene modified with polydopamine (PDA), and bacterial cellulose nanofibers,
as shown in Figure 13d. The actuator has high conductivity (2848 S cm−1), excellent tensile
strength (406 MPa), and toughness (15.3 MJ m−3). In addition, the actuator is highly
sensitive to moisture (30% humidity), has a ‘fast response (1.6 s), large deformation (176 ◦),
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and high driving power output (6.5 N m−2), as shown in Figure 13e,f. Li et al. [115] prepared
MXene/cellulose/polystyrene sulfonic acid (PSSA) composite membranes (MCPM), as
shown in Figure 13g, which are highly sensitive to moisture and roll up immediately upon
contact with the skin. When the relative humidity increases from 20% to 97%, the maximum
bending angle of the thick MCPM actuator has increased from 28◦ to 130◦, providing high
sensitivity for humidity sensing, as shown in Figure 13h.
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Figure 12. (a) A red rectangular CNC-PP film could rapidly carry out bidirectional moisture actuation
at a speed of 4.6◦ s−1. Reproduced with permission [108]. Copyright 2022. WILEY-V C H VERLAG
GMBH. (b) Response of the CMC-fiber to humidity. Reproduced with permission [109]. Copyright
2018. ELSEVIER. (c) Photographs showing the shape recovery test of CNF/CMCNF9 bilayer film
in DMSO and EtOH. Reproduced with permission [38]. Copyright 2030. SPRINGER. (d) Curling
displacement of the CNF-soft actuator during the dehydration process; insets are the corresponding
snapshots at different states. The numbers 1–5 indicated the different bending states of the samples.
Reproduced with permission [110]. Copyright 2019. ELSEVIER. (e) Schematic of the RCF/PTFE
composite film. (f) Ptical photos of the RCF/PTFE actuator at a low RH of 29% (left panel), room
RH of 50% (middle panel), and high RH of 54% (right panel). Reproduced with permission [111].
Copyright 2021. ELSEVIER.
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Figure 13. (a) Optical images of reversible hygroscopic bending actuation of the G-MXCP actuator
under a relative humidity (RH) change from 40% to 90% at room temperature. Reproduced with per-
mission [112]. Copyright 2020. AMER CHEMICAL SOC. (b) Digital pictures of CMC/MXene/Al3+

composite film, showing the excellent flexibility and mechanical strength. (c) The reversible defor-
mation of CMC/MXene/Al3+ composite film upon exposure to humidity gradients. The sequential
numbers i–vi indicated the sample with the different bending states. Reproduced with permis-
sion [113]. Copyright 2022. ELSEVIER. (d) Photographs of hygroscopic actuation force test of
PDMM/BCNF film. (e) Bending angle–time curve of the PDMM/BCNF film (30 wt% BCNF) during
a cyclic motion. (f) Bending angle and response/recovery time of PDMM/BCNF film with different
BCNF content. Reproduced with permission [114]. Copyright 2021. ELSEVIER. (g) Optical images of
an MCPM on a human hand with or without wearing a dry glove. (h) The maximum bending angles
of an MCPM/PET actuator under various RH. Reproduced with permission [115]. Copyright 2021.
American Chemical Society.

9. Application of Cellulose-Based Actuators

From the previous chapter, it can be observed that the driving forces of the cellulose-
based actuators are diverse, and can even achieve multi stimulus responses. The combina-
tion of these characteristics makes the actuator have a wide range of application potential
in the field of intelligence. In this chapter, the applications of four types of cellulose actua-
tors are presented including biomimetic robots, flexible electronic devices, self-powered
intelligent switches, and precise remote control.

9.1. Biomimetic Robots

Currently, the usage scenarios of robots are gradually tending towards precision,
narrowness, and complexity. The demand for this task scenario will inevitably accelerate
the transformation of biomimetic robots towards miniaturization. Through highly inte-
grated components such as actuators and sensors, their overall miniaturization can be
achieved. At the same time, the profiling of biomimetic robots has also become the main
development trend.

Deforming the actuator and lifting heavy objects is currently the most widely stud-
ied and applied method, demonstrating excellent mechanical robustness. As shown in
Figure 14a, Mu et al. [116] prepared multifunctional soft electromagnetic actuators (cop-
per wire coils and central circular magnets) that can contract, expand, jump, and move.
As shown in Figure 14b, Wei et al. [117] prepared CNF/GO/CNT composite membrane
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actuators (2 cm × 3 cm × 12 µm) containing 50% carbon nanotubes. Used as a crawling
robot, it can gradually crawl forward on rough substrates in response to periodic water
vapor changes. Interestingly, crawling robots can move heavy objects forward at an average
speed of 2.6 mm/s through alternating humidity switches, which is likely to be used for
crawling robots or humidity control switches. As shown in Figure 14c, the actuator has a
good contact with the cylinder and repeatedly lifts a weight of 2 g under different currents
and strains, perfectly demonstrating its operating ability under irregular geometric shapes.
It can not only be used as an artificial muscle to make 3D printed polylactic acid (PLA) arms
move normally, but can also lift a weight of 2 g weight in its expanded state. According to
its two states (expansion and contraction), it can jump in the air at a height several times
its own height. Finally, they use it as an attachment to the leg, where the actuator can
crawl along the structured surface, crawling like a human leg. Kuang et al. [110] designed
a micro-patterned substrate actuator based on selectively arranged cellulose nanofibers
(CNFs). They made it into a 7 cm soft mechanical arm. After heating, the actuator strip
quickly curled. With the length contraction, the attached object was lifted up. When the
humidity in the environment was increased, the actuator strip quickly unfolded, leading to
the release of suspended weights.
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Figure 14. (a) Schematic of the soft actuator fabrication. Reproduced with permission [116]. Copyright
2023. WILEY. (b) Load-bearing smart robot crawling forward on a rough substrate under periodic
humidity on and off. Reproduced with permission [117]. Copyright 2021. American Chemical Society.
(c) Relaxed and excited states of a 12-ring actuator when lifting a 2 g weight while conforming
to a cylindrically shaped object. Relaxed and excited states of a 12-ring actuator when used as
an artificial muscle. Relaxed and excited states of an 8-ring actuator when lifting a 1.6 g weight
by expansion. Hopping mode of actuation for an 8-ring actuator by contraction and subsequent
expansion. Reproduced with permission [116]. Copyright 2023. WILEY.

Many researchers have been inspired by nature to create petal-shaped actuators that
simulate the opening and closing of petals. Ge et al. [108] prepared flower-shaped actuators
based on cellulose nanocrystals. As shown in Figure 15a, under the stimulation of water, the
petals not only produce bending responses but also undergo corresponding color changes.
As shown in Figure 15b, Yang et al. [118] used a GO-BC/PET/PEDOT: PSS actuator as the
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stem of a sunflower. After 15 s of near-infrared light exposure, the temperature rapidly
increased, causing the biomimetic sunflower to bend towards the light. More interestingly,
Wang et al. [119] simulated the opening and closing process of narcissus petals. As shown in
Figure 15c, they simulated the opening and closing process of the petals under a sinusoidal
voltage of 0 V and 1.8 Hz, and changed from a closed state to open state in 2 s, based on
the fast electric response ionic actuator of the functional cellulose carboxylate nanofiber
(CCNF) doped ionic liquid (IL), and Graphene nanosheet (GN). When the input voltage
stops, the bionic flower can recover its state of nature in a short time. Cai et al. [120] innova-
tively crafted a composite material, consisting of MXene (Ti3C2Tx) and cellulose, referred
to as MXCC. Alongside a polycarbonate membrane, the composite replicates multiple
essential characteristics of natural leaves, ranging from microstructural components to
their photosynthetic abilities, encompassing energy harvesting and conversion. In addition,
Chen et al. [44] prepared bamboo/PNIPAM composite hydrogel actuators. As shown in
Figure 15d, they used cutouts of different thicknesses and sizes of actuators as the petals of
a lotus flower. As the temperature decreases, the lotus flower continuously blooms from
the outside to the inside.

The biomimetic actuators discussed above have an inherent drawback of being opaque,
limiting their use in discreet tasks. This has led to a growing interest among researchers
to develop transparent actuators that offer high concealment. Such advancements in
technology would enable the design of biomimetic animals, windows, and robots that can
execute covert operations without being easily detected by humans. Rühlicke et al. [121]
devised a cutting-edge cellulose blend with distinctive capabilities in specific environments,
leading to the development of a clear, thin film actuator with the ability to self-heal and
undergo shape deformation. On another note, as shown in Figure 15e, Li et al. [122]
successfully created a cellulose composite thin film that is both visible and transparent,
while also displaying a remarkable capacity for absorbing ultraviolet light. The actuator
designed by Li et al. was modeled after the arm of an excavator and proved to be highly
efficient, as it was able to lift an object 17 times its weight swiftly when exposed to infrared
light. Upon turning off the light source, the object fell rapidly.

9.2. Flexible Electronic Equipment

Flexible electronic devices with high mechanical performance have been widely used
in a large number of wearable/implantable devices, greatly enriching the collection of
health data and disease detections. However, due to the monopoly of its core technology
and the expensive raw materials, a main direction to search for simple, cost-effective and
biodegradable technique is highly desirable.

Skin conductivity is a key feature in the design of electronic watches. By monitoring
the pulse and other physiological indicators of the skin, these smart watches can provide
accurate health data, helping users better to understand their physical conditions. As
shown in Figure 16a, Lian et al. [123] have developed a cellulose-based ion-conductive
hydrogel actuator (ICHs) using a simple one-pot method. This actuator is capable of
accurately detecting the different pressure signals when humans write different numbers.
Surprisingly, apart from monitoring complex finger movements, the actuator can also
monitor complex muscle movements. In an experiment, participants were asked to say
“apple” while drinking water, and the actuator detected different resistance signals by
sensing the weak acoustic vibrations and water vibrations. This demonstrates the reliability
of cellulose hydrogel actuators in detecting both sound signals and actions. Similarly, in
order to improve the high sensitivity of the flexible pressure sensor, as shown in Figure 16b,
Chen et al. [124] designed a cellulose ion-conductive hydrogel (ICH) using only cellulose as
the sole material. They simulated the scenario of patient infusion and placed the sensor at
different positions to monitor the patient’s health status by detecting physiological signals
such as pulse, respiration, and infusion.
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The above actuators did not consider the water resistance of the sensors. Yun et al. [125]
developed a superhydrophobic and highly sensitive cellulose paper-based actuator (PB)
that can quickly detect and perceive the bending of a finger. Impressively, the continuous
dripping of water does not affect the sensing performance, which is advantageous for
applications in wet or rainy conditions, as shown in Figure 16c.

Electrospinning is a simple and efficient fiber preparation method [126,127], and has
various applications in different fields [128–130]. Electrospinning technology can integrate
actuation and sensing functions into a functional material. It is understood that electro-
spun fibrous membrane has the characteristics of a large surface area, multi-level porous
structure, strong flexibility, and easy shape control [131–134]. Therefore, Bai et al. [73] used
electrospun cellulose acetate (CA)/carbon nanotube nanofiber composite membrane to
prepare a friction generator with a polyvinylidene fluoride nanofiber membrane (PVDF).
This membrane can detect the human movement of fingers, wrists, elbows, and other joints.
In addition, when it is installed on the sole of the shoe, people can distinguish the walking
state (slow walking and running) by the change of voltage and frequency.
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Figure 16. (a) The relative resistance changes by writing a different number, saying “apple”, and
drinking water. Reproduced with permission [123]. Copyright 2023. ELSEVIER. (b) The correspond-
ing pulse signals, breathing in relaxation, and the drip pot’s little vibration when liquid drips into it.
Reproduced with permission [124]. Copyright 2023. ROYAL SOC CHEMISTRY. (c) The resistance
output changes in the state of finger movement. Insets: the PB strain sensor attached to the finger
was repeatedly bent under normal conditions and in the presence of water droplets. The resistance
output changes of periodically bending the index finger at a fixed angle, with fist opening and closing.
Reproduced with permission [125]. Copyright 2023. ELSEVIER.

9.3. Accurate Remote Control

With the rapid development of modern society’s technology, mechanical equipment
plays an important role in the development of society’s technology. However, most con-
struction machinery requires manual operation by skilled workers. Many workplaces are
mostly high-risk or toxic environments, and the remote control of mechanical equipment is
particularly important.

The bamboo/PNIPAM composite hydrogel actuator prepared by Chen et al. [84,85] is
designed as a manipulator with three claws for fixed-point control, as shown in Figure 17a.
It can lift objects that are dozens of times heavier than the actuator under the control of near-
infrared light. They place the manipulator in water, irradiate the right paw, left paw, and
rear paw with infrared light in sequence. The paws shrink in sequence, and start to grasp
the heavy objects. After turning off the light source, the paws return to its original shape;
as a result, the heavy object falls down, which perfectly demonstrates the precise remote
control. Similarly, they also made a wood/PNIPAM composite hydrogel actuator [84,85].
Through a similar operation, it was also proved that the actuator can easily grasp and place
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objects according to external changes. Wei et al. [117] prepared CNF/GO/CNT composite
membrane actuators containing 50% carbon nanotubes. When the actuator was connected
to a plastic straw, the resultant simple gripper can perform tasks such as grasping, lifting,
transporting, and releasing according to the changes in humidity, as shown in Figure 17b.
The plastic foam can be even be bent and grasped by applying water vapor through the
plastic straw. Then, the holder can lift the foam (about 0.12 g, 9 times of the actuator) and
carry 82 mm horizontally under the stimulation of continuous water vapor. Finally, when
the water vapor is removed, the gripper can quickly release foam. Such an actuator is
expected to be applied to mechanical grippers due to its large deformation, fast response
time, and good cycle stability.
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Figure 17. (a) Demonstration of precise control performance of bamboo/PNIPAM composite hy-
drogel actuator-manipulator grasping object. Reproduced with permission [84,85]. Copyright 2022.
ELSEVIER. (b) Schematic illustration and photographs of the mechanical gripper for transferring
a plastic foam. Reproduced with permission [84,85]. Copyright 2022. ELSEVIER. (c) A bionic fin-
ger sliding photos on the electronic screen. Reproduced with permission [135]. Copyright 2023.
SPRINGER. (d) Soft grippers withstanding 30 times their weight. Reproduced with permission [136].
Copyright 2023. ELSEVIER.

In addition to accurately grasping heavy objects, people have even studied using
actuators as human fingers to control smartphones. Wang et al. [135] used CCNF-IL-GN
actuators to simulate human fingers sliding on smartphones and switching photos. When a
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4 V DC voltage is applied, the bionic fingers move on the track to touch the screen, as shown
in Figure 17c, causing them to slide through albums. In addition, the bionic fingers can
also accurately control the opening or closing status of flashlights. This high-performance
bionic actuator can be used in the field of artificial muscle.

Shape memory polymers (SMPs) have found extensive application in the field of 3D
printing. Furthermore, with advancements in intelligent deformations, 4D printing has
begun to mature. Gu et al. [136] performed an experiment to showcase soft grippers that
were inspired by plants and achieved through 4D printing with different filling angles. They
utilized a straightforward fabrication approach to create thermo-responsive shape memory
polymer composites by reinforcing poly ε-caprolactone (PCL)/polybutylene adipate-co-
terephthalate (PBAT) with cellulose nanofibers (CNF). By subjecting the samples to thermal
stimulation at a temperature of 3 ◦C, they observed a rapid deformation and wrapping
around objects within 60 s. These spiral and bending deformations enabled the grippers to
hold objects weighing up to 30 times their own weight, as shown in Figure 17d.

10. Conclusions and Future Prospects

With the aggravation of the energy crisis and environmental degradation, the devel-
opment and utilization of renewable biomass resources has become the main content of
research worldwide [137–141]. The development and utilization of cellulose, the most abun-
dant biomass resource in nature, in order to build new materials, conforms to the future
development trend. This article reviews the latest progress and achievements of cellulose-
based actuators, discussing them from three aspects: actuation mechanism, driving force,
and applications. Due to the significant advantages of cellulose itself, temperature-sensitive
materials, conductive materials, and magnetic materials are often introduced to endow
cellulose-based materials with different functions, to promote the speed and stability of
their response to external stimuli. This has wide applications in fields such as biomimetic
robots, flexible electronic wearable devices, and remote control.

There has been significant progress in cellulose-based actuators, but there are still
some challenges. Firstly, cellulose fiber, as a textile fiber, has long permeated people’s
daily lives. However, fibers produced by the adhesive method still dominate the market,
requiring the use of various toxic and harmful substances in the production process, causing
great environmental pollution. The further development and improvement of production
processes of cellulose fibers is highly required.

Secondly, the lifespan of actuators that are produced through cellulose degradation
is relatively short. Moreover, biomimetic materials are frequently derived from materials
that are sensitive to environmental variations. While this characteristic may prove useful,
it also limits their applicability in certain settings. Hydrogels are a notable example,
as they necessitate an aqueous environment and cannot be utilized in dry applications.
Presently produced actuators do not possess the ability to adapt to intricate environments.
Consequently, it is recommended to conduct further research into their multifunctional
capabilities, such as luminescence, anti-freezing properties, signal sensing, and adsorption.

Finally, although functional materials based on cellulose have shown promising prac-
tical applications, most of them are still in the stage of basic research and are limited in
size, which hinders their practical applications on a large scale. Further research and
development is required to enhance the experimental equipment, broaden the scope of
applications, and promote practical utilization, thereby creating substantial economic and
social benefits.

Despite the aforementioned limitations, cellulose-based actuators present several
advantages such as low production cost, utilization of eco-friendly raw materials, and
versatility in various fields such as bionic robots, wearable electronic devices, and remote-
controlled gripping. Consequently, with the swift advancement of technology, the re-
search on cellulose-based actuators is steadily progressing towards maturity, and their
incorporation into flexible electronic devices will undoubtedly take center stage in the
forthcoming years.
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