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Abstract

Moisture-responsive membranes have attracted increasing attention in the fields
of actuators and energy harvesting due to their lightweight and high flexibility. For
instance, bilayer membranes are often employed in humidity sensors because of their
rapid and precise hygroscopic deformation. However, the underlying mechanical
mechanisms and regulation strategies governing hygroscopic deformation remain
largely unexplored, and this lack of fundamental understanding limits further
development of such materials. To address these challenges, this thesis systematically
investigates the mechanics of hygroscopic membrane deformation under humidity
stimuli, aiming to establish a comprehensive theoretical framework and propose

rational regulation strategies.

This thesis is organized into three core research chapters (Chapters 4-6), focusing
on two distinct types of membrane system and their corresponding mechanical insights.
In Chapter 4, the deformation of bilayer membranes under different humidity fields was
systematically investigated by extending a classical thin-film mechanics model to
derive analytical solutions for the curvature—humidity relationship. Bilayer systems
composed of MXene/NP as the active layer and PVC as the inert layer were fabricated,
and the theoretical predictions were validated through both finite element simulations
and experiments. The results demonstrate that our model not only predicts the
deformation configuration but also assesses the stability of free-standing membranes

under arbitrary humidity fields, while clarifying their dependence on the physical
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properties of each layer. These findings provide a robust mechanical foundation for
predicting bilayer hygroscopic deformation and hold great potential for their

applications in sensors and actuators.

In Chapter 5, monolayer stacked nanoflake assemblies (SNA) membranes were
found to exhibit more complex hygroscopic responses. Unlike the static bending
observed in bilayers, SNA membranes placed in humidity fields above a hot water bath
exhibited autonomous oscillatory behavior. Comparative experiments revealed that this
oscillation originates from the coupling between humidity gradients along the height
and the reversible hygroscopic expansion of the membrane. Theoretical analysis,
integrating water diffusion with beam vibration theory, uncovered the fundamental
mechanics of this phenomenon. Furthermore, dimensional analysis established
quantitative relations between oscillation characteristics, intrinsic material properties,
and external humidity fields. These results provide valuable insights for understanding
and predicting the oscillatory behavior of SNA membranes, which is crucial for their

application in actuators and energy harvesting.

In Chapter 6, the practical implications of such autonomous oscillations are
explored. Inspired by biological propulsion, a fluke-inspired propulsion system driven
by SNA membranes was demonstrated, along with a hand-moisture-powered
nanogenerator based on electromagnetic induction. These proof-of-concept
demonstrations further confirm the functional importance of our findings. Additionally,

systematic experiments revealed the failure mechanisms of SNA membranes under
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prolonged humid operation, including oxidation in MXene/NP membranes and
hygroscopic saturation in GO/SA membranes. Importantly, the theoretical framework
also successfully explains the disappearance of oscillatory behavior after decay,

providing guidelines for improving the durability and performance of SNA membranes.

Overall, this thesis establishes a systematic and in-depth framework for
understanding and regulating the hygroscopic deformation of membranes. By bridging
theoretical modeling, finite element simulations, and experimental validation, it not
only develops a solid mechanical foundation for both bilayer and monolayer systems
but also proposes strategies to achieve controlled, predictable, and durable deformation
responses. The results provide valuable guidance for the structural design and
optimization of hygroscopic membranes, with broad application prospects in soft
actuators and energy harvesting devices. Ultimately, the framework developed herein
is expected to accelerate the development of multifunctional hygroscopic membrane

systems and their integration into next-generation smart devices.
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Chapter 1. Introduction

Hygroscopic deformation is a widespread natural phenomenon, exemplified by
plants that adjust their morphology in response to humidity variations for
environmental adaptation. Inspired by such behavior, numerous humidity-responsive
actuators have been developed to harness water—one of the most abundant and
sustainable resources in nature. Among them, hygroscopic membranes have garnered
particular attention due to their lightweight structure, high flexibility, and design
programmability. Despite these advantages, significant challenges remain. First, the
fundamental mechanical mechanisms of hygroscopic deformation are still not fully
understood. Second, the sustained cyclic response of most hygroscopic membranes
typically relies on externally controlled humidity sources, reducing efficiency in the
application of energy harvesting. Finally, prediction and rational control of the
autonomous oscillation of monolayer SNA membrane in humidity field remain difficult.
Overcoming these challenges is essential for advancing the practical deployment of

hygroscopic membranes in energy harvesting and actuation technologies.

1.1 Moisture-responsive materials in nature

Due to the substantial day—night humidity variation in nature, many plants have
evolved to exploit these changes for functional deformation [1, 2]. For example,
pinecones scale open in dry conditions to release seeds and close in humid conditions

to conserve moisture, as shown in Figure 1.1 (a) [3]. Similarly, wheat seeds expand
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during dry daytime conditions to drill in the soil and contract at night when it is more
humid, allowing them to dig deeper into the soil and absorb moisture, as shown in
Figure 1.1 (b) [2]. In both cases, the bending deformation results from a hygroscopic
mismatch between layers, which induces a strain gradient under humid conditions. This
deformation disappears under dry conditions, allowing the structure to return to its

original state [4].

Another example of natural hygroscopic deformation involves the generation of
helical motions [5-7]. In Pelargonium (geranium) seeds, the fibers at the seed tips are
inclined arranged. Under humid conditions, they uncoil, while in dry conditions,
uneven hygroscopic expansion induces a bending deformation that evolves into a
helical twist, enabling the seed to coil and drill into the soil, as shown in Figure 1.1 (c)
[8]. An even more complex mechanism is observed in oat (Avena) seeds. Their two
awns undergo rotation in response to humidity changes. When the awns interlock,
increasing humidity is stored as elastic energy. Upon release, this energy causes the
awns to entangle, allowing the seed to 'snap' and escape unsuitable soil environments,

as shown in Figure 1.1 (d) [9].
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Figure 1.1 Moisture-induced deformation of plants. (a) Pine cones open in dry
environment to release seeds (adapted from [3]). (b) Wheat awns open-close cycle to
drill the seeds into soil (adapted from [2]). (c) Coiling-uncoiling cycle of Pelargonium
in different humidity (adapted from). (d) Entanglement of awns and realization of

jumping motion of oat (adapted from [9]).

The hygroscopic deformations observed in nature primarily originate from
gradient swelling caused by differential moisture absorption in plant tissues, which is
largely governed by the microstructure of plant fiber cells [10, 11]. A common structure
of a plant is the bilayer configuration composed of an active and an inactive layer [12-
14]. When relative humidity changes, the active layer undergoes swelling or shrinkage,
inducing a bending deformation [15]. The awns of Pelargonium seeds represent a
classic bilayer structure: their active layer contains more hemicellulose and lignin

compared to the passive layer, resulting in a higher degree of hygroscopic swelling upon
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water absorption, as shown in Figures 1.2 (a-c) [8, 14]. Similar bilayer mechanisms are

also found in wheat awns and pinecones.

Interestingly, when the fiber orientation angles differ between the active and
passive layers, more complex deformations such as twisting or coiling can arise [2, 4,
16]. This phenomenon is common in leguminous plants. For instance, in the seed pods
of Bauhinia species, the outer cellulose layers exhibit a ~45° inclined arrangement.
When relative humidity fluctuates, differential shrinkage occurs in opposing directions,
generating helical deformation that opens the pod to release seeds, as shown in Figures

1.2 (d-).

Moreover, the awns of oat (4vena) seeds exhibit an advanced version of the bilayer
concept by forming a radial bilayer structure along the cylindrical body [17, 18]. As
relative humidity decreases, the knee region bends while the main body twists due to
obliquely aligned fibers. This coordinated deformation drives the oat seeds to move
forward or even jump, enhancing their ability to disperse and colonize suitable soil

environments, as shown in Figure 1.2 (g-i).
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Figure 1.2 (a) The Erodium gruinum awn. (b) Optical image of the cross-section in the
middle of the Erodium gruinum awn, demonstrating a bilayer structure: inactive and
active layer (adapted from [14]). (¢) SEM images showing the difference in
microstructure of the active and inactive layer (adapted from [8]). (d) The seeds pods
of Bauhinia species generate a hygroscopic twisting deformation to open the pods. (e)
Schematic illustration of the inclined alignment of the active and inactive layers within
seeds pods. (f) An optical image of the direction of fiber cells in the seeds pods (adapted
from [4]). (g) An optical image shows the structure of an oat. (h) Microstructural
characterization of the fiber alignment and cross-section of the oat awn. (i) SEM images
showing the inclined alignment and the coiled microstructure of a single oat awn

(adapted from [9]).

1.2 Moisture-responsive materials in engineering

Moisture-responsive materials rely on the hygroscopic swelling behavior to

produce mechanical deformation [19]. Based on this, the responsive materials must be
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hydrophilic and with high hygroscopic swelling coefficient. In addition, they should
also possess high flexibility to induce large deformation, appropriate water diffusivity
to enable suitable response speed, and high hygroscopic stability to prevent degradation
[20-22]. Organic polymers are one of the ideal candidates for moisture-responsive
materials, as there usually are abundant hydroxyl groups on their polymer chains, which
endow them with good hydrophilicity [23-25]. The absorbed water molecules will
change the chemical formation of the polymer chain, as well as the reconstruction of
their chemical structures [26-28]. For instance, Poly (vinyl alcohol) (PVA) [29], Poly
(ethylene glycol) diacrylate (PEG-DA) [30], and Sodium Alginate (SA) [31] are
commonly used as moisture-responsive materials. However, for some applications such
as flexible sensors and soft robotics, the moisture-responsive materials are required to
exhibit high mechanical strength, good electrical conductivity, and high specific surface.
In this case, 2D materials are worth studying as they exhibit excellent mechanical
properties, abundant hydrophilic functional groups, and controllable water diffusivity
[32-34]. Prevailing 2D materials for humidity-driven thin-film materials include
MXene [35-37], CNTs [38], and graphene oxide (GO) [39-41], as shown in Figure 1.3.
Two-dimensional materials can absorb water vapor, which leads to structural changes.
Their layered structure, as well as the hydroxyl functional groups, provide abundant
surface area and channels for water molecules to enter. When water is adsorbed, it
changes the spacing between layers and creates internal stress, resulting in nonuniform

strain that causes bending or twisting deformation. Hot pressing [42, 43], chemical
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cross-linking [39, 44], and vacuum filtration [45, 46] are manufacturing methods often

adopted to fabricate these actuators.

Figure 1.3 Moisture-responsive materials. (a) PVA membrane bends in response to
palm humidity (adapted from [29]). (b) PEG-DA membrane bends in response to
relative humidity difference (adapted from [30]). (c) Hygroscopic swelling of the SA
actuator when exposed to moisture (adapted from [31]). (d) MXene membrane bends
in response to palm humidity (adapted from [35]). (¢) CNT/PDMS membrane bends in
response to water vapor (adapted from [38]). (f) GO/SA membrane bends in response

to relative humidity change (adapted from [39]).

To generate a macroscopic deformation in response to moisture, a hygroscopic
strain mismatch within the membrane is required. Similar to natural plants, most
moisture-responsive materials are bilayer structures consisting of an active layer and an
inert layer [47-49]. Upon stimulation, the active layer experiences a pronounced
volumetric change, whereas the inert layer remains comparatively unresponsive,
generating mismatch strain that induces macroscopic bending of the structure, as shown
in Figure 1.4. Generally, bilayer membranes are manufactured through depositions

(PVD or CVD) [50, 51], spin-coating [52, 53], and electro-spraying [54, 55]. The
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interfacial integrity between the active and inert layers is critical for ensuring the long-
term durability of membranes [56]. To achieve high durability, methods such as
chemical modification of the active and inert layer to make them more compatible [57,
58], roughening the surface of the inert layer to promote the mechanical interlocking
are adopted [59, 60]. Beyond multilayer configurations, membranes with a monolayer
structure represent a feasible alternative, in which macroscopic deformation originates
from in-plane strain gradients across the thickness [39]. These gradients can be
engineered via material heterogeneity [61] or imposed through thickness-dependent
stimulation [62]. For monolayer structures, the mechanisms underlying hygroscopic
responses are often more complex and highly sensitive to the distribution of external
stimuli [63]. However, whether in single-layer or bilayer configurations, most existing
designs are limited to responding to a single type of stimulus. To realize multi-
responsive functions, multilayer membranes (>2 layers) have been engineered by
combining layers that respond selectively to different stimuli [64-66]. While such
designs enable more complex deformation behaviors and broadened functionalities, the
increased number of heterogeneous interfaces also introduces drawbacks, including a
higher risk of interfacial delamination and void formation. Moreover, the complex
fabrication process may introduce cracks within the structure. These issues not only
substantially reduce the service life of multilayer structures but also compromise the
electrical conductivity and mechanical performance of the membranes, while

simultaneously increasing manufacturing costs. Consequently, multilayer moisture-
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responsive membranes have not been widely adopted in practical applications.

Figure 1.4 Typical structures of thin-film materials (TFMs), (a) monolayer, (b) bilayer,

and (c) multilayer

Despite the extensive studies on moisture-responsive materials, two major
challenges remain unresolved. First, there is a lack of systematic investigation into the
underlying mechanics that govern the deformation of bilayer hygroscopic membranes
under arbitrary humidity stimuli. Addressing this issue would significantly enhance the
programmability of such materials and promote their application in soft robotics.
Second, recent studies have shown that single-layer hygroscopic membranes can
exhibit sustained oscillations under humidity gradients [62], indicating great potential
for energy harvesting and soft actuation. However, the mechanics of this oscillatory
behavior remain poorly understood, hindering further performance optimization.
Therefore, resolving these two challenges is crucial for advancing the development of

hygroscopic membranes.

1.3 Aims and objectives

This thesis aims to provide a comprehensive mechanical investigation of the
deformative responses of hygroscopic membranes, focusing on two main structural

types: bilayer and monolayer membranes. The first objective is to establish a
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mechanical model capable of predicting the deformation configurations of bilayer
membranes under moisture stimuli. The second objective is to elucidate the mechanism
underlying the oscillatory behavior of monolayer membranes, with the goal of

leveraging this phenomenon for applications in energy harvesting and propulsion.

The subsequent chapters of this thesis are organized as follows. Chapter 2 reviews
the research background, with a focus on the current development of hygroscopic
membranes. It begins by introducing the fundamental mechanics of thin-film materials,
applicable to various stimuli including humidity, heat, light, and electricity. This is
followed by a comprehensive review of existing structural design in hygroscopic
membranes and their applications in soft actuators and related devices. Chapter 3
presents the fabrication and experimental characterization of plain MXene, MXene/NP,
and GO/SA membranes. This includes mechanical testing, microstructural analysis, and
diffusion coefficient measurements. The measurement of moisture distribution—
serving as the environmental stimulus—is also detailed. Chapter 4 investigates the
deformative responses of bilayer hygroscopic membranes under arbitrary moisture
stimuli. Theoretical modeling is developed to predict the deformation of both
cantilevered and free-standing membranes. Chapter 5 provides a systematic study of
the moisture-driven autonomous oscillation observed in monolayer stacked nanoflakes
assembly (SNA) membranes. Experimental observations are used to identify the origin
of the oscillation, followed by theoretical analysis to uncover the underlying mechanics.

Methods for rationally controlling the oscillatory behavior are also demonstrated. In

10
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Chapter 6, SNA membranes are applied in energy harvesting and biomimetic
propulsion. The theoretical insights from Chapter 5 serve as a foundation for application
design. Additionally, the mechanical mechanisms behind performance degradation are
investigated. Finally, Chapter 7 summarizes and discusses the findings of the thesis and

provides an outlook on future research directions.

11
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Chapter 2. Research background and literature review

Due to the abundance of water resources on Earth, hygroscopic membranes hold
great application potential, particularly in areas such as energy harvesting, wearable
electronics, soft robotics, and the Internet of Things. Therefore, a mechanical
investigation of their deformation response under humidity stimuli is of critical
importance for enabling precise prediction and control. Moreover, since the
deformation of hygroscopic membranes is fundamentally driven by strain mismatch,
the underlying thin-film mechanics are also applicable to other stimuli, such as thermal
or optical inputs. In addition, this chapter will discuss the current mainstream strategies
for regulating the deformation of hygroscopic membranes, along with their relevant

applications.

2.1 Structural design of thin-film materials

To induce strain mismatch, hygroscopic membranes are typically designed in
either bilayer or monolayer configurations. In bilayer structures, the mismatch arises
from differences in the hygroscopic expansion coefficients between two distinct
materials. In contrast, monolayer membranes rely on non-uniform humidity stimuli or
heterogeneous structural design to generate internal strain gradients. Furthermore, to
achieve programmable deformation, the structural design of hygroscopic membranes is

often made more complex.

2.1.1 Monolayer thin-film materials

12
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For uniform monolayer membranes, the most common approach to inducing a
through-thickness strain gradient is to impose a non-uniform humidity stimulus—for
example, exposure to the surface of evaporating water at a constant temperature [67,
68]. Due to the intrinsic humidity gradient in such environments, different regions
within the membrane are subjected to varying vapor concentrations during deformation,
thereby generating a strain gradient (Figure 2.1 (a)) [45]. Another strategy involves
reducing the diffusivity of water within the monolayer membrane [69, 70]. When
exposed to a humidity source, this leads to the formation of a thin, swelling layer, while
the opposite side remains relatively dry. The mismatch in swelling between the hydrated
and less-hydrated layers produces a strain mismatch, resulting in bending deformation

(Figure 2.1 (b)) [71].

In the case of non-uniform monolayer membranes, variations in hygroscopic
swelling properties along the thickness direction enable deformation even under
uniform humidity stimuli [72-74]. One approach is to modify the surface morphology
on each side of the membrane, resulting in asymmetric hygroscopic swelling strains in
identical humid environments [75, 76]. For instance, increasing the surface roughness
on one side enhances the specific surface area [75], allowing greater water absorption
and thus inducing a larger hygroscopic strain on that side (Figure 2.1 (c)). Another
strategy involves chemical modification—such as anodic electrical writing—to create
an ion concentration gradient within the membrane [77]. When exposed to humidity,
the absorbed water molecules induce directional ion migration, altering the

13
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intermolecular spacing and generating hygroscopic expansion. The ion concentration
gradient leads to an internal strain gradient, which in turn drives membrane deformation

(Figure 2.1 (d)) [78].

Figure 2.1 Structural design strategies of monolayer hygroscopic membranes. (a)
Introduction of an uneven humidity stimulus for a uniform monolayer (adapted from
[45]). (b) Uniform monolayer structure with low water diffusivity (adapted from [71]).
(c) Non-uniform GO monolayer membrane with smooth side (AGO-S) and wavy side
(AGO-W) producing a curling deformation under humidity stimuli (adapted from [75]).
(d) Non-uniform liquid crystal monolayer membrane producing a bending deformation

under humidity stimuli by directional ion transport (adapted from [78]).

2.1.2 Bilayer thin-film materials

For bilayer hygroscopic membranes, the most common fabrication strategy
involves using a non-hygroscopic material (inert layer) as a substrate, onto which a
hygroscopic material (active layer) is attached. One of the most straightforward
methods is to directly adhere the hygroscopic material onto the substrate, which is why

polymer-based adhesive tapes are often employed as inert layers [79-81]. For instance,

14
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a hygroscopic polyvinylpyrrolidone and Poly(acrylic acid) (PVP/PAA) layer can be
directly adhered to a PI tape to form a hygroscopic membrane (Figure 2.2 (a)) [82]; a
hygroscopic MXene-coated paper (MCP) can be adhered to a PE tape to form a bilayer
structure (Figure 2.2 (b)) [83]. Another approach relies on van der Waals forces to bind
the hygroscopic and non-hygroscopic layers together [84-86]. For instance, the
hygroscopic reduced graphene oxide (rGO) layer can be directly deposited on the
polydimethylsiloxane (PDMS) layer through simple spin coating, and the thin rGO
layer was bonded to the PDMS substrate through van der Waals forces (Figure 2.2 (¢))
[87]. Similarly, a conductive ink (CNTs-GO) made by polyhydric polyurethane (PU),
carbon nanotubes (CNTs), and graphene oxide (GO) was directly deposited on the
polyethylene terephthalate (PET), and it was able to bend upon thermal and humidity
stimulus (Figure 2.2 (d)) [84]. However, both methods suffer from a significant
drawback: the interface between the two dissimilar layers is mechanically fragile,
resulting in poor structural stability and limited lifespan of the bilayer membrane. To

address these limitations, a bilayer structure with homogeneous materials is adopted.
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Figure 2.2 Typical bilayer structure of hygroscopic membranes, composed of two
heterogeneous materials. (a) Direct adhesion of the hygroscopic PVP/PAA layer to the
PI tape. (b) Direct adhesion of the hygroscopic MCP layer to the PE tape. (c) The
binding of the hygroscopic rGO layer to the PDMS layer through van der Waals forces.
(d) The binding of the hygroscopic CNTs-GO layer to the PET layer through van der

Waals forces.

To improve interfacial stability, two chemically similar materials can be bonded
via chemical interactions, forming a more robust interface [88]. This approach involves
chemical modification of the same type of materials to endow different hygroscopic
properties, enabling them to function as active and inert layers, respectively. For
example, mixing PEO (polyethylene oxide) with MOF (metal-organic framework)
increases its hygroscopic expansion coefficient. When this composite (MP) is used as
the active layer in a bilayer membrane with another hygroscopic PEO layer (HP), the

interfacial strength is significantly enhanced, along with a pronounced hygroscopic
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deformation response (Figure 2.3 (a)) [79]. Similarly, graphene oxide (GO) and
reduced graphene oxide (rGO) share comparable chemical compositions but exhibit
distinct hygroscopic expansion behaviors. A bilayer membrane composed of GO and
rGO demonstrates both high interfacial strength and excellent hygroscopic
responsiveness (Figure 2.3 (b)) [89]. Another strategy is to introduce an interfacial
reinforcement material to enhance adhesion. For instance, incorporating cellulose
between MXene and polycarbonate (PC) layers can effectively strengthen the interface
(Figure 2.3 (¢)) [90]. Moreover, enhancing interfacial strength involves increasing the
surface roughness of the inert layer to enlarge the contact area with the active layer. For
example, uncoated natural latex sheets (cis-1,4-polyisoprene) exhibit inherently rough
surfaces, which enable strong bio-adhesion with hygroscopic bacterial layers
(Escherichia coli cells) (Figure 2.3 (d)). The increased surface area promotes greater
interfacial bonding strength. In this system, the hygroscopic bacterial layer generates
shrinkage stress upon dehydration, driving the bending deformation of the bilayer

hygroscopic membrane [91].

Figure 2.3 Typical structural designs of bilayer hygroscopic membranes. (a) PH/MP

bilayer hygroscopic membrane (adapted from [79]). (b) rGO/GO bilayer hygroscopic
17



2.1 Structural design of thin-film materials

membrane (adapted from [89]). (c) MXene/PC bilayer hygroscopic membrane
(interface strengthened by cellulose) (adapted from [90]). (d) Latex sheet/hygroscopic

cell bilayer hygroscopic membrane (adapted from [91]).

2.1.3 Programmed thin-film materials

Monolayer and bilayer structures represent the most fundamental structures of
hygroscopic membranes, typically producing simple bending deformations. To enable
more complex and controllable configurations, programmable structures have emerged

as a key strategy in the structural design of hygroscopic membranes.

Among these structures, the most straightforward approach is to directly assemble
two hygroscopic membranes, with the assembly configuration tailored to achieve the
designed deformation mode [92-94]. For example, connecting the active layers of two
identical hygroscopic membranes in a head-to-tail manner can transform a simple
bending deformation into an S-shaped motion. Moreover, a wavy configuration can be
realized if multiple hygroscopic membranes are connected accordingly (Figure 2.4 (a))
[95]. Similarly, linking the ends of a single hygroscopic membrane to form a closed
elliptical loop enables rolling locomotion under humidity stimulation, driven by
curvature changes at different locations (Figure 2.4 (b)) [96]. However, such a method
introduces additional interfacial vulnerabilities, significantly reducing the operational

lifespan of the hygroscopic membranes.
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Figure 2.4 Direct assembly of hygroscopic membranes. (a) Hygroscopic membranes
connecting head to tail to realize an S-shape and a wavy shape deformed configuration
(adapted from [95]). (b) Single hygroscopic membrane forming a closed elliptical loop

to realize rolling locomotion (adapted from [96]).

Another approach to achieving programmable structures is to design the spatial
pattern of the active layer [97, 98]. In bilayer hygroscopic membranes, the active layer
can be selectively distributed on the inert layer. For instance, by locally transferring GO
films onto a PE substrate, deformation occurs only in the GO-coated regions upon
humidity stimulation, enabling programmed deformation profiles. This method can
produce various deformed configurations, such as V-shaped, helical, and wavy
deformations (Figure 2.5 (a)) [42]. Similarly, patterned masks can be used to locally
introduce ionic solutions into polymer membranes, allowing for spatially controlled
active regions that respond to humidity with helixing and rolling configurations Figure
2.5 (b)) [99]. For single-layer films, the straightforward strategy is to apply surface
microstructures asymmetrically on one side of the film. For example, by introducing
asymmetric surface designs on both sides of a monolayer GO hygroscopic film, twisting

deformation can be achieved under humidity stimulation (Figure 2.5 (c)) [100].
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Figure 2.5 Patterned design of hygroscopic membranes. (a) Partial deposition of active
layer on inert layer of bilayer hygroscopic membrane (adapted from [42]). (b) Local
diffusion of ionic solution in the inert layer of the bilayer hygroscopic membrane
(adapted from [99]). (c) Introduction of asymmetric microstructures on different sides

of a monolayer hygroscopic membrane (adapted from [100]).

A less common method is the origami technique [101, 102]. In this approach, the
hygroscopic membrane is folded into a predetermined shape and remains in this
configuration before stimulation. Upon exposure to humidity, the film unfolds and
deforms along the predesigned folding directions. The underlying mechanism is that
internal stress is introduced during the folding process; when the film absorbs moisture
and undergoes hygroscopic expansion, this internal stress is released, driving the
programmed deformation. One strategy to achieve this is to assemble the active layer

onto the passive layer following a predesigned origami pattern, forming a bilayer
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hygroscopic membrane (Figure 2.6 (a)) [103]. Another approach is to directly fold a

single-layer hygroscopic membrane, which is free of the interfacial weakness (Figure

2.6 (b)) [104].

Figure 2.6 Origami structure of hygroscopic membranes. (a) Origami-designed active
layer attached to an inert layer of hygroscopic membrane (adapted from [103]). (b)

Origami-designed folding process of monolayer hygroscopic membrane (adapted from

[104]).

2.2 Fundamental mechanics of thin-film materials

Figure 2.7 Schematic illustration showing the mechanics of flexural deformation of

thin-film materials

Bending represents the most fundamental deformation mode of membrane
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materials, even though more complex morphologies can be achieved through
topological design. Gaining a thorough understanding of the mechanics governing
bending deformation is therefore crucial for the rational design and precise control of
such membranes. Meanwhile, although different stimulus-responsive materials rely on
distinct response mechanisms, the fundamental mechanics underlying their
deformation are universal. As a representative case, the bilayer-type membrane can be
modeled as a Euler—Bernoulli beam under plane stress, composed of an inert substrate
and a much thinner active layer (Figure 2.7 (a), with h,. < h;,). When subjected to
external stimuli, the two layers undergo different expansion, giving rise to a mismatch
strain defined as &5 = €, — €5, where &, and &5. denote the stimulus-induced
strains of the inert and active layers, respectively. For example, under a change in
moisture concentration AC, the mismatch strain can be expressed as &nis = (Bac —
Bin)AC, where [,. and f;, representing the hygroscopic expansion coefficients of
the active and inert layers. To accommodate this interfacial mismatch, non-uniform yet
self-equilibrated stresses arise within the cross-section, ultimately inducing flexural
deformation of the membrane. The bending curvature k, according to the Stoney
relation for thin-film and substrate systems [105], can be written as

e = acltac @2.1)

Einhizn
where Ej, is plane-strain modulus of the inert layer and o,. is the mean stress in the

active layer. Accommodation of the mismatch strain between the two layers across the

interface requires
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e _ e __
€ac €in = €mis

here, &f, ,e5. denote the elastic strains of the inert and active layers adjacent to the

interface. According to the Euler—Bernoulli beam theory, these strains can be expressed

Oac 403chac

e _— e _
as Eac = and &, = — Eifig

. By combining the above relations, the mismatch
strain can thus be directly related to the mean stress in the active layer through

L fhae 4 1G5 (2.2)

Emis = [E_m hin Eac
Combining Eq. (2.1) and Eq. (2.2) to eliminate o,. yields the bending curvature as a

function of the mismatch strain

K:G"“[ Bac ]smis (2.3)

hin L4EachacthinEin
Eq. (2.3) shows the proportionality between the bending curvature (k) and the mismatch

strain (&), which also applies to bilayer membranes with active layer and inert layer

of comparable thicknesses [105].

For a monolayer membrane (Figure 2.7(b)) exhibiting homogeneous properties—
namely, Young’s modulus E, and Poisson’s ratio v, and coefficient of stimulus-induced
expansion [—a fundamental mechanical analysis based on the Euler-Bernoulli beam
theory under the plane stress assumption reveals that the axial stress induced by a non-

uniform stimulus AS(y) can be expressed as

s E(z 12yE (2
5x) = =B @) + 5 | 0y + - [ e 0ydy
2

where h is the thickness of the membrane and &°(y) = SAS(y). The variation of
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stimulation along the longitudinal direction (x-direction) is neglected. It can be verified

h h

that g, (y) is self-balanced as f_EE o,(y)dy = 0 and f_EE yo,(y)dy = 0. The elastic
2 2

strain induced by this self-balanced stress is given by

h h
. 1 (2 12y (2
e(y) = 2 éy) = —&5(y) + 7 f_ e(y)dy + hgy 0 e (y)ydy

The total strain (e%), which is equal to the summation of the elastic strain and the

stimulus-induced strain, is given by

1 (% 12y 3
gy =) +e5(y) = n f_ eWdy + —5- PB S(y)ydy

The first term on the right-hand side of the above expression is independent of y
and therefore leads to no bending deformation, while the second term is a linear

function of y, which leads to a flexural configuration with curvature k given by

h

K= h3 hss(y)ydy (2.4)
2.2.1 Deformation mechanism of hygroscopic membranes

According to the theoretical analysis of the thin-film materials above, the
deformation of hygroscopic membranes relies on the physical or chemical processes
that generate hygroscopic strain in the active materials. A thorough understanding of
the deformation mechanisms of hygroscopic membranes is essential for identifying
suitable application scenarios and overcoming limitations to enable their further

development.
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Hygroscopic membranes exploit materials rich in polar molecules or functional
groups to absorb water molecules from the surrounding environment, leading to
volumetric expansion [106, 107]. The dominant deformation mechanism of such
membranes is water-induced swelling of the constituent materials [106, 108, 109]. For
example, stacked assemblies of 2D material flakes, such as MXene and graphene oxide
(GO), are frequently used as hygroscopic components in these membranes [107]
because of their abundant hydroxyl groups that strongly attract water. The uptake of
water molecules increases the interlayer spacing (d-spacing) between the nanoflakes in
the stacked assemblies, resulting in hygroscopic expansion. MXene itself can be
utilized to develop a monolayer hygroscopic membrane [62] (Figure 2.8 (a)). The
actuator, when placed above hot water (40°C), can flip over back and forth. If clamped
at one end, it will swing up and down automatically [62] (Figure 2.8 (b)). Similar
flapping motion under steady humidity stimulation can also be achieved by GO-based
hygroscopic membranes (Figures 2.8 (c-d)) [39], implying the presence of a common

governing mechanism which remains obscure so far.
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Figure 2.8 (a) Schematic illustration showing the fabrication process and deformation
mechanism of MXene-based hygroscopic membranes. (b) Swinging motion of MXene-
based hygroscopic membranes. (adapted from [62]) (c) Deformation mechanism of
GO/SA-based hygroscopic membrane and its flapping response in steady moisture
stimuli. (d) Stress variation of the GO/SA membrane in absorption/desorption cycles.

(adapted from [39])

Another deformation mechanism in hygroscopic membranes involves the
disruption of chemical bonds within hygroscopic materials, such as polyimide (PI) [82],
and sodium alginate (SA) [54, 110, 111]. For example, SA swells upon water absorption
as water molecules infiltrate its polymer network, breaking intermolecular hydrogen
bonds and converting the polymer chains into a hydrated structure [31, 112]. SA is
composed of f-D-mannuronic acid (M-blocks) and a-L-guluronic acid (G-blocks), both
of which contain abundant carboxyl groups. These groups can form hydrogen bonds
and electrostatic interactions with water molecules, further enhancing hygroscopic
swelling [113, 114]. For instance, SA was applied as the active material and PDMS as
the inert material to develop a bilayer Hygroscopic membrane [54] (Figures 2.9 (a-b)).
Upon water absorption, the active SA layer undergoes expansion, inducing bending of
the actuator. However, this mechanism is limited by a prolonged recovery time due to
the slow relaxation of polymer chains during desorption, as well as reduced mechanical
performance caused by SA degradation under humid conditions. To overcome these
limitations, carbon nanofibers (CNFs) are incorporated into the SA matrix as

reinforcement [115] (Figures 2.9 (c-d)). The abundant hydroxyl groups on CNFs
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impart high humidity responsiveness to the hygroscopic membrane. Moreover, the large
specific surface area of CNFs promotes water desorption, thereby facilitating faster

recovery of the membrane in low-humidity environments.

Figure 2.9 (a) Schematic illustration showing the fabrication process and deformation
mechanisms of the SA-based hygroscopic membrane. (b) Curvature variation of the
SA-based hygroscopic membrane under different relative humidity. (adapted from [54])
(c) Deformation mechanism of CNF/PVA/PSSNa-based hygroscopic membranes. (d)
Bending angle of CNF/PVA/PSSNa-based hygroscopic membranes under humidity

stimuli. (adapted from [115])

In natural materials, the deformation mechanism originates from the hygroscopic
swelling of cellulose or biological cells. For example, wood is a commonly used natural
material for fabricating hygroscopic membranes due to its excellent mechanical
properties and relatively high hygroscopic expansion coefficient. The porous structure
of wood enables substantial water absorption, and the cellulose fibers within it swell
upon hydration, leading to macroscopic hygroscopic deformation (Figure 2.10 (a))
[116]. Similarly, certain bacterial spores possess finer microporous structures that allow
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them to absorb moisture and undergo volumetric expansion. These spores can be

deposited onto a non-active substrate to form bilayer hygroscopic films (Figure 2.10

(b)) [117].

Figure 2.10 Deformation mechanism of hygroscopic membranes made by (a) Wood

materials (adapted from [116]) and (b) Living spores (adapted from [117]).

Despite these advances in hygroscopic membranes, several issues remain
unresolved. First, although the interlayer spacing (d-spacing) between nanoflakes in 2D
material-based films increases upon water absorption, it does not necessarily induce in-
plane expansion, which is essential for bending deformation. The underlying
mechanism responsible for in-plane expansion in such films remains unclear.
Furthermore, the autonomous flapping behavior of hygroscopic membranes under
steady stimulation suggests a reversible water absorption—desorption process coupled

with dynamic water transport across the film thickness. Elucidating this mechanism is

28



Chapter 2. Research background and literature review

critical for optimizing the practical applications of hygroscopic membranes.

2.3 Existing moisture-driven actuators and devices

The deformation mechanisms of various TFAs provide insights into how external
stimuli trigger the mechanical motion of TFAs. Owing to their lightweight nature, high
flexibility, remarkable sensitivity, and programmability, TFAs show great potential for
a wide range of applications, particularly in biomimetic soft robotics, energy-harvesting

devices, and intelligent wearable devices.

2.3.1 Biomimetic soft actuators

Due to their low stiffness, rapid responsiveness, and ease of processing,
hygroscopic membranes are highly suitable for application in bioinspired actuators
[118-120]. For example, by directly assembling hygroscopic membranes into a cross-
shaped configuration, the membranes can bend in different directions under humidity
stimulation, mimicking the contraction of lotus petals or the closure of peony buds
(Figure 2.11 (a)) [121]. Beyond these simple shape-mimicking demonstrations,
hygroscopic membranes can also be employed in bioinspired functional actuators. In a
crab-inspired actuator, for instance, the crab's legs are made from hygroscopic
membranes, and their coordinated bending under humidity enables a crab-like lateral
movement (Figure 2.11 (b)) [119]. Alternatively, to achieve directional locomotion, the
surface beneath the actuator can be designed into a ratchet-like structure, creating lower

resistance in the forward direction than in the reverse [122, 123]. Based on this
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mechanism, a single hygroscopic membrane can be engineered into a crawling
bioinspired actuator inspired by caterpillars (Figure 2.11 (c¢)) [124]. Moreover,
hygroscopic membranes can also be used to fabricate biomimetic grippers [58, 125].
By assembling the membrane into shapes similar to a human hand or an eagle's claw, it
becomes possible to grasp objects through humidity-controlled actuation (Figures 2.11
(d-)) [61, 116]. A further example is a biomimetic Erodium gruinum awn fabricated
from a hygroscopic membrane, which undergoes spiral deformation to coil around
objects upon humidity stimulation (Figure 2.11 (f)) [61]. Additionally, inspiration from
frogs has led to designs where hygroscopic deformation stores significant strain energy
under humid conditions. When the stimulus is removed, the rapid release of this strain
causes the film to jump, converting stored strain energy into kinetic energy (Figure

2.11 (g)) [126].
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Figure 2.11 Hygroscopic membranes applied in biomimetic actuators. (a) Moisture-
driven artificial lotus and peony (adapted from [121]). (b) Moisture-driven biomimetic
crab (adapted from [119]). (c) Moisture-driven caterpillar-inspired locomotion actuator
(adapted from [124]). (d) Moisture-driven human hand-inspired soft gripper (adapted
from [116]). (¢) Moisture-driven Erodium gruinum-inspired soft gripper (adapted from
[61]). (f) Moisture-driven hawk claw-inspired soft gripper (adapted from [61]). (g)

Moisture-driven frog-inspired jumping actuator (adapted from [126]).
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2.3.2 Energy harvesting devices

Hygroscopic membranes can also be utilized to transfer external stimuli into
electrical energy through various mechanisms [127, 128]. One direct strategy for energy
conversion is to exploit electromagnetic induction to transform the dynamic motion of
hygroscopic membranes into electrical energy [117]. For instance, a hygroscopic
membrane placed within a magnetic field can generate electricity when stimulated by
humid airflow [129] (Figure 2.12 (a), (b)). Another method utilizes the piezoelectric
effect, whereby electricity is produced through enhanced directional proton diffusion
under applied pressure [130, 131]. As an example, a hygroscopic membrane combining
MXene, cellulose, and a piezoelectric component based on polystyrene sulfonic acid
(PSSA) was developed. Under humidity stimulation, this generator achieved a high
power density of 81.2 uW/cm? and an open-circuit voltage of 0.3 V [132] (Figure 2.12
(¢), (d)). In addition, hygroscopic membranes can also generate electricity via the
triboelectric effect, in which frictional contact between positively and negatively
charged layers induces electrical charges [133-135]. In such designs, the frictional
layers are typically sandwiched between inert layers. For instance, the active PVA film
can generate wrinkle structures upon moisture absorption due to mismatch strain, which
increases the surface roughness (Figure 2.12 (e)). Upon pressing, the friction between
the PVA/LiCl layer and the PVDF layer can generate electricity (Figure 2.12 (f)) [136].
Moreover, ion migration has also been applied in energy harvesting systems driven by
hygroscopic membranes [137, 138]. For instance, bending deformation of a
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hygroscopic membrane facilitates directional migration of sodium ions within

poly(sodium 4-styrenesulfonate) (PSS), generating a current of 32 pA [139] (Figure

2.12 (g), (h)).

Figure 2.12 Hygroscopic membranes applied in energy harvesting. (a) Hygroscopic

generator based on electromagnetic induction. (b) Induced voltage and power of such a
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generator. ((a,b) adapted from [129]) (c) Hygroscopic generator based on the
piezoelectric effect. (d) Induced voltage and current of such a generator. ((c,d) adapted
from [132]) (e) Hygroscopic generator based on the triboelectric effect. (f) Output
voltage of such a generator. ((e,f) adapted from [136]) (g) Hygroscopic generator based
on ion migration. (h) Schematic illustration of such a generator and its output current.

((g,h) adapted from [139])

2.3.3 Wearable devices

In addition, hygroscopic membranes can be also applied in wearable devices.
During physical activity, the human body releases a significant amount of perspiration
in the form of water vapor, which can be used to trigger hygroscopic films [140, 141].
These membranes respond by unfolding, thereby enhancing heat dissipation to cool the
body. Furthermore, smart textiles fabricated from hygroscopic yarns have been
integrated into wearable systems (Figures 2.13 (a-b)) [91, 142]. For instance, sleeves
made from such fabrics can automatically contract upon exposure to sweat, revealing
more skin to improve cooling. Once the moisture evaporates and the skin dries, the
sleeves gradually return to their original length, helping to retain body heat (Figure

2.13 (¢)) [143].
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Figure 2.13 Hygroscopic membranes applied in wearable devices. (a) Sportswear
prototype with microorganism/latex winglets (adapted from [91]). (b) Concept of

hygroscopic membrane-based smart garment (adapted from [142]). (c) Smart sleeves
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made from hygroscopic textiles (adapted from [143]).

This chapter has reviewed the structural design, fundamental mechanical
mechanisms, and current application landscape of hygroscopic membranes. Although
the basic configurations of hygroscopic membranes are relatively simple—primarily
monolayer and bilayer structures—existing studies offer limited analysis of their
deformation configurations under humidity stimuli, particularly under different
boundary conditions such as cantilevered or free-standing states. Current research
merely attributes their deformation behavior to strain mismatch between active and
inert layers, without further quantifying or predicting the resulting deformation
configurations. To address this gap, this thesis will systematically investigate the
humidity-induced deformation mechanisms of hygroscopic membranes under various

humidity stimuli.

In addition, unlike bilayer systems, monolayer hygroscopic membranes have been
widely reported to exhibit autonomous oscillations under humidity gradients [39, 144].
This phenomenon holds significant potential for applications in energy harvesting and
soft actuators. However, the underlying mechanics and rational control of such behavior
remain inadequately explored. Therefore, this thesis will conduct a systematic
mechanical analysis of this oscillatory behavior and, based on the results, propose
design strategies to optimize the performance of monolayer hygroscopic membranes in

the aforementioned application domains.
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3.1 Fabrication of hygroscopic materials

The single-layer MXene flakes are fabricated using the selective etching method
by removing the Al atoms from TizAIC; MAX phase [145, 146], as illustrated in Figure
3.1 (a). First, 40 mL of hydrochloric acid (9 M) was mixed with 3.2 g of pure LiF
powder. Then, 2 g MAX phase will be added into the solution slowly under continuous
magnetic stirring at a temperature of 40 °C. After 48 h, the dispersion will be washed
with water with centrifugation at 3500 rpm for 3 minutes several times. When the pH
value of the dispersion is near 6, a dispersion composed of single-layer MXene flakes
is obtained. Plain MXene membranes are prepared by vacuum filtration of the single-
layer MXene solution. To prepare the MXene/NP membranes, the prepared MXene
flake suspension will first be ultrasonicated for 30 mins. During this process, Fe3O4
nanoparticles (with a size of 100 nm in diameter), which are synthesized using the
Stober method [147], are added to the solution. Afterwards, the membranes are
fabricated by vacuum filtration of the corresponding dispersion and peeled off from the

cellulose membrane after drying under ambient conditions for 6 hours.

The GO/SA membranes are made by directly mixing a single-layer GO flakes
dispersion (5 mg/ml) with a sodium alginate solution (2 wt%), followed by 24 h of

stirring for sufficient mixture. After that, the mixture is poured into a Perti dish for
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evaporation at room temperature, resulting in a GO/SA composite membrane (Figure

3.1 (b))

Figure 3.1 Schematic illustration of the fabrication process of (a) MXene/NP and plain

MXene membranes, (b) GO/SA membranes.

3.2 Characterizations of hygroscopic materials

Thickness measurement of MXene/NP and GO/SA membranes

The cross-sectional images of MXene/NP and GO/SA membranes were obtained
by Scanning Electron Microscopy and Optical Microscopy. The thickness of the
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MXene/NP membrane is ~12 um, and the thickness of GO/SA membrane is ~20 um.

Figure 3.2 The cross-sectional image of (a) MXene/NP membrane, (b) GO/SA

membrane.

Measurement of Young’s modulus of SNA membranes

Uniaxial tensile tests were carried out for SNA membranes to determine their
Young’s modulus. The SNA membranes were tailored into a strip shape. The Dynamic
Mechanical Analyzer (DMA 8000, Perkin Elmer) was used to perform uniaxial tension

tests on SNA membranes with a loading speed of 0.1mm/min.

Measurement of the hygroscopic expansion coefficient of SNA membranes

The hygroscopic expansion coefficients (HEC) of the SNA membranes (S) were
measured by using a homemade bilayer sensor (Figure 3.3 (a)) composed of the tested
SNA membrane (plain MXene, MXene/NP, or GO/SA) deposited on a non-hygroscopic
PVC substrate with zero HEC. When the sensor is subjected to a change of moisture
concentration (AC), a mismatch strain will be developed between the two layers:

€mis = BAC, leading to the bending deformation of the sensor. The value of f thus
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can be determined from e&,,;s-AC curves, which can be attained as follows. By
measuring the curvature (k) of the deformed bilayer, the value of the mismatch strain

(&€mis) can be determined, according to Stoney’s theory [105, 148], through &5 =

hpvc [ Esna

-1
where E E h h are the Young’s
ehsnn LAEsnaliona +hPVCEPvc] s SNA> Lpvc, fsna, Mpvc g

moduli and thicknesses of the SNA and PVC layers, respectively. They can all be

measured beforehand. On the other hand, the change of moisture concentration can be

PTA®
RT ’

derived from the change of the relative humidity (A@) through AC = where Pr
is the saturation vapor pressure at 20°C (2334.6 Pa), T the ambient temperature (293
K), and R = 8.314 ]J/mol - K the ideal gas constant, respectively. Having determined

€mis atdifferent AC (Figure 3.3 (b)),  can be obtained from the slopes of the &ps-

AC curves, as shown in Figure 3.3 (¢).

Figure 3.3 Hygroscopic expansion coefficient test of SNA membranes. (a) Schematic
illustration of the bilayer sample composed of an SNA membrane and a PVC layer. (b)

Snapshots of the curvature of a bilayer system of PVC and MXene/NP under different
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relative humidity. (c) The relationship between hygroscopic expansion mismatch (&)

and moisture concentration change (AC) for different SNA membranes.

Effect of nanoparticle content on HEC of MXene/NP membrane

Firstly, FesO4 nanoparticles would undergo hydrophilization treatment by the
Stober method [149]. Different weight ratios of Fe;O4 nanoparticles were added to the
single-layer MXene dispersion before vacuum filtration. The HECs of MXene/NP

membranes with different nanoparticles were measured.
Measurement of diffusivity (D) within SNA membranes

According to Fick’s law, the diffusivity of water in an SNA membrane can be
determined from the measurable water vapor flux J caused by a given humidity gradient.
To generate a humidity gradient, a bottle filled with water at 30 °C was sealed with a
piece of tested membrane and placed in an environmental chamber with constant
relative humidity 30% and constant temperature 30 °C (Figure 3.4 (a)), realizing a
moisture gradient of (Cy — C1)/h, where Cy and Cj are the moisture concentrations
on both sides of the tested membrane with thickness 4. They can be determined from
the saturation water vapor pressure at 30 °C (Pr = 4247.4 Pa) and relative humidity
(#=30%) and temperature (7=303K) through C|, = %?) = 0.505 mol/m3, Cy = :—; =
1.685 mol/m3, where R = 8.314 J/mol - K is the ideal gas constant. The water vapor
flux J passing through the tested membrane was estimated from the mass loss in the
bottle (m;,ss) after a given period (¢) through | = ;:rlf’TSZ{li, where M, = 18 is the

relative molecular mass of H,O, A, is the area of the outlet. According to Fick’s law,
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the diffusivity of water within the tested membrane was determined through D =] -

h/(Cy — C.) (Figures 3.4 (b)).

Figure 3.4 Measurement of diffusivity (D) of water within SNA membranes. (a)
Schematic illustration of the experimental design. (b) The weight loss of water in the

container as a function of time, from which the flux can be calculated.

Structural and characterization of SNA membranes

A field-emission scanning electron microscope (MIRA, Tescan) was used to
investigate the surface and cross-sectional morphology of the MXene/NP membrane.
The 2D X-ray diffraction (XRD) pattern of the MXene/NP membrane was recorded
using Rigaku SmartLab 9 kW with Cu-Ka radiation (A = 1.5418 A). The resistance-
humidity relationship of MXene samples was calibrated using a Digital Multimeter
(DM3068, RIGOL) inside an environmental chamber (MC-80L, Mincee Instrument
and Equipment CO., LTD.), where temperature (20-30°C) and humidity were precisely

controlled (@ =10-100%).

3.3 Measurement of moisture distribution (environmental stimuli)

The vertical humidity distribution was characterized by using a piece of plain
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MXene membrane as a resistive humidity sensor. The measurement protocol consisted
of two steps: calibration and spatial mapping. First, the humidity-resistance correlation
was established by placing the sensor in a controlled environmental chamber while
monitoring its electrical response across a range of relative humidity (RH) levels
(Figure 3.5 (a)). Following calibration, the sensor was vertically positioned at
incremental heights above a vapor source—either a 40 °C water bath or a human

palm—while recording the real-time resistance (Figure 3.5 (b)).

Figure 3.5 (a) Dependence of the sheet resistance of an MXene strip (as a humidity
sensor) on the environmental relative humidity. (b) Schematic illustration of the

measurement of the humidity gradient.

3.4 Finite element simulation

The moisture response of the bilayer hygroscopic membrane in different humidity
fields was simulated in COMSOL using the Solid Mechanics and Hygroscopic Swelling
modules. For the cantilever beam model, the left boundary of the membrane was fixed,
with the inert layer and active layer having thicknesses of 50 um and 10 pm,

respectively. The moisture concentration in the active layer was defined as a function

45



3.4 Finite element simulation

of height C(y) (Figure 3.6 (a)). For the free-standing membrane, the midpoint of the
bottom edge of the active layer was fixed, and the moisture concentration in the active

layer was also defined as C(y) (Figure 3.6 (b)).

The oscillatory motion of SNA membranes under a gradient humidity field was
simulated using the Solid Mechanics and Transport of Diluted Species modules in
COMSOL Multiphysics. The SNA membrane was modeled as an elastic and continuous
cantilever. A moisture gradient of g¢ = 2.08 mol/m* was implemented by specifying
constant moisture concentrations at the bottom (1 mol/m?) and top surfaces (0.75

mol/m?) of the simulation box (20 cm wide X 12 c¢m high, as shown in Figure 3.6 (c)).

The mechanical and physical properties of the membranes used in all models were
taken from the experimental results: the Young’s modulus was set to 1.2 GPa for the
MXene/NP membrane and 4.24 GPa for the GO/SA membrane. The hygroscopic
expansion coefficient B was taken as 0.036 m*/mol for MXene/NP, and 0.0116 m*/mol
for GO/SA. The diffusivity of water was taken as 0.091 mm?/s for MXene/NP and 0.08
mm?/s for GO/SA, and the diffusivity of water in air was taken as 1 mm?/s based on the
standard humidity-air data [150]. Poisson’s ratios were assumed as 0.3 for both

membranes.
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Figure 3.6 Schematic illustration of the boundary and initial condition of the (a)
cantilevered membrane and (b) free-standing membrane in the FEM model. (c)
Schematic illustration of the boundary and initial condition of the spatial gradient

moisture distribution in the FEM model.
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Chapter 4. Deformative response of bilayer membranes to moisture

stimuli

Bilayer structures are the most common natural structures capable of deforming in
response to humidity changes. They have been observed in the microstructural
characterization of plants such as pinecones and oat awns. Moreover, as one of the most
widely adopted designs in stimuli-responsive thin films, the bilayer structure is not only
employed in hygroscopic membranes but also extensively applied in membranes
responsive to thermal, electrical, optical, and chemical stimuli. For instance, a bilayer
composed of graphene and polyethylene (PE) films exhibits bending deformation under
thermal stimulation [42]. Furthermore, by introducing constrained heating to modulate
the residual stress in the film’s stress-free state, the direction of deformation in response

to temperature changes can be tailored.

Given its broad utility, a systematic understanding of bilayer membrane
deformation under arbitrary humidity stimuli is essential. Most existing studies attribute
deformation behavior solely to strain mismatch between the active and inert layers upon
stimulation, lacking in-depth theoretical analysis. In our earlier analysis of the
fundamental mechanics of bilayer membranes, only on the deformation of freestanding
membranes under uniform moisture stimuli was illustrated. Meanwhile, more complex
boundary conditions—such as cantilevered membranes with one end fixed or
membranes exposed to non-uniform humidity gradients—introduce additional

mechanical investigations that demand thorough investigation.
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In this chapter, a theoretical model to calculate the deformative response of bilayer
hygroscopic membranes under spatially non-uniform humidity fields is developed,
including the derivation of analytical solutions for their bending configurations.
Subsequently, a finite element method is employed to simulate the deformation of
cantilevered and free-standing membranes under humid environments generated by hot
water baths and linearly distributed vapor fields. The reliability of the analytical
solution will be validated by comparing it with numerical solutions and experimental

results.

4.1 Theoretical modelling

Theoretical modeling is carried out to predict the bending curvature of the
cantilevered bilayer membranes, as schematically shown in Figure 4.1. The bilayer
membranes contain two layers: an ultra-thin active layer with thickness h,. and the
coefficient of hygroscopic expansion [ and an inert layer with thickness h;, and zero
hygroscopic expansion coefficient (h,. < h;,). Here both layers are assumed elastic,
and the corresponding Young’s moduli and Poisson’s ratios are: Ejn, Vin, Eac) Vac»

respectively.

50



Chapter 4. Deformative response of bilayer membranes to moisture stimuli

Figure 4.1 Schematic illustration of the (a) bilayer structure, (b) theoretical modelling.

The strain (x-direction) mismatch between the active layer and inert layer is (plane

stress assumption):

€mis = ﬁh(C(y(x)) - Cref) (41)

where f3;, is the coefficient of hygroscopic swelling of active layer with units of
m3/mol, M,, is the molar mass (0.018 kg/mol for water), C(y(x)) is the
concentration of moisture in units of mol/m3, which is related to the vertical height
y(x), Crer 1s the strain-free reference concentration, v,. is the Poisson’s ratio of the

active layer.

The free-body diagram of a representative segment for both layers is shown in
Figure 4.2. Due to the strain mismatch, there is a shear stress 7(x) distributed in the

interface.
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Figure 4.2 Free body diagram of the active and inert sublayer.

For the active layer,
dFE,. = t(x) - dx (4.2)
According to Hooke’s law (isotropic) [151], the tensile strain is:

£3°(x) = 7 [03°0) — v (03°) + 030

The normal stress along the y-direction within the active sublayer is negligible
compared with those along the x and z directions, i.e., g5°(x) = 0. The plane strain
assumption implies that 02°(x) = vo2°(x). The in-plane strain in active layer
therefore can be obtained by €2¢(x) = 1;—f° 02¢(x). Taking the derivative of both sides

gives rise to

d[e2°(x)] = = ”“d[ 2¢(x)]

dlez*(x)] = ~7(x) - h—ac 4.3)
For the inert layer,
d( t) = —T(x) —_— d( o2 p) = 12:311"1 — _61(]19221-dx
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The incremental bending strain caused by d(o!™,) is:

delny) = 2 a(ofn,) = — St
in _p? .
d[K(X)] = —d(g;_b) = — —1Eivnm . 6T(hx.2) dx (44)

The incremental stress in the inert layer is:

dx 61'(x) dx

dloir(x)] = d(ainy) + d(eln,) = —1(x) - Y (45)
At the interface where y = hy, /2,
d[agicn(x)]ly=h;_n = —ﬁr( ) (4.6)
Al ],y =~ 5 00 @7)
Since
d[e£° ()] = = ” R (4.8)

The continuity condition of strain at the interface is similar to the model above

&' ()], _niy = dlemis(X)] + d[e7°(0)] (4.9)

2

Inserting Eq. (4.7), (4.8) into Eq. (4.9) yields

Al emis ()] = [~ 22e — 20¥)] () gy (4.10)

Eachac Einhin

Substitution of Eq. (4.4) into the above equation to eliminate 7(x) gives

—p2 —p2 \h2 .E.
lemis ()] = [+ )] A (4.11)

Eachac Einhin 6(1_Ui2n)

Integrating Eq. (4.11) yields
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Jy dlemis()] = [1_U§° 4 20vib)] i Jy dr()]

Eachac Einhin 6(1_Ui2n)

mis (1) = [0 4 20W)) HinFin () ()] + s (0)  (4.12)

Eachac Einhin 6(1_Ui2n)
For the relationship between k(0) and &,;5(0), the free-body diagram of an
infinitesimal segment at the beginning point of the bilayer structure is considered, as

shown in Figure 4.3.

Figure 4.3 Stress diagram in the inert and active layer at x — 0.

As the beginning point of the bilayer membranes is fixed, there is no shear stress

at the interface. The relationship between x(0) and &,;5(0) can be derived by

1—-v%2 1—v2 4h h? E;
gmls(o) — l E ac mn . acl m-=in (0)

+ : K
ac Ein hin 6(1 - vizn)hac

Substitution the above equation into Eq. (4.12) gives

_ 1-v3c 4(:L_vizn) ] hizn'Ein i
emis(¥) = |5 + vl M caeey (€O (4.13)

Inserting Eq. (4.1) into Eq. (4.13) yields

K(x) — ﬁh(C(Y(x))_Crezf) (4'14)

2 —v2 2 p.
1-vac =4'(1 vln) hinEin
Eachac  Ejnhin 6(1—vi2n)
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As indicated by Eq. (4.14), the deformation configuration of a cantilevered bilayer
hygroscopic membrane can be analytically predicted, provided that the material
properties of both the active and passive layers, along with the humidity gradient across

the membrane thickness, are known.

The boundary condition for the bilayer membrane is: y(0) = y'(0) = 0, as the

membrane is cantilevered with one end (x = 0) fixed. On the other hand, since k(x) =

y'' (%)

SIS it can be obtained that y''(0) = k(0).

The geometric relationship between the curvature k(x) and the bending
deformation profile y(x) of the membrane can be derived by analyzing a differential
element of the bending membrane. As illustrated in the Figure 4.4, the endpoints of the
element are denoted as y(x;) and y(x;;,). Within this element, the arc length of the
membrane is approximately equal to the element length Ax. The angles between the
normals at the two endpoints and the y-axis are 8 and 8, respectively. Accordingly,

it follows that 6, = 6 +%, and the displacement of the upper point can be
[cos(8)—cos(64)]

pro . Since the membrane may undergo

expressed as y(x;.1) = y(x;) +

large deformation during bending, it is necessary to recalculate the x-coordinate of the

sin(61)—sin(0)

right endpoint x;,4 = x; + K(x)
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4.2 Deformative response of cantilevered membranes

Figure 4.4 Schematic illustration of the geometric relationship between k(x) and

y(x).

4.2 Deformative response of cantilevered membranes

Since the theoretical model is based on a bilayer hygroscopic membrane with a
cantilever beam configuration, the conclusions derived from the above analysis can be
directly applied in this chapter. For experimental validation, a bilayer hygroscopic
membrane composed of PVC (adhesive tape, serving as the inert layer) and MXene
(active layer) will be used. The PVC layer has a Young's modulus of 5.37 GPa, a
thickness of 50 um, and a Poisson’s ratio of 0.4. The mechanical properties of the
MXene layer have been characterized in Chapter 3, with a Young's modulus of 1 GPa,
a thickness of 10 pm, and an assumed Poisson’s ratio of 0.3. As for the hygroscopic
expansion coefficient (HEC), PVC is a non-hygroscopic material (Spyc = 0), and the
HEC for MXene is 0.0358 m*/mol. Meanwhile, the reference moisture concentration is
0.6 mol/m>. In this chapter, the deformation response of the bilayer hygroscopic
membrane with a cantilever structure will be investigated under uniform humidity and

humidity gradients (including both linear gradients and those generated above a 40 °C
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water surface).

4.2.1 Deformative response in uniform humidity

Experimental results

The aforementioned bilayer hygroscopic membrane with a total length of 2 cm
was placed in an environmental chamber, where the temperature was maintained at
room temperature (25 °C) and the reference relative humidity was set to 60%. Under
these conditions, no noticeable bending deformation was observed. However, when the
humidity was increased to 90%, the bilayer membrane exhibited significant bending
deformation. Upon further increase in humidity, no additional deformation occurred, as
the MXene layer had reached saturation and could no longer absorb additional moisture

(Figure 4.5).

Figure 4.5 Deformative response of cantilevered bilayer hygroscopic membranes to

uniform humidity.

Theoretical results

Based on the theoretical model and the geometric relationships described above,

the deformation configuration y(x) of the bilayer hygroscopic membrane can be
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4.2 Deformative response of cantilevered membranes

obtained by solving Eq. (4.14), giving a uniform moisture concentration c(y(x)) =

0.3 atany point (x,y). The resulting configuration y(x) is shown in Figure 4.6.
FEM simulation

Numerical simulation based on the finite element method (FEM) was also
conducted to validate the analytical solution. The physical parameters of the active and
inert layers—such as Young's modulus and hygroscopic expansion coefficient—were
obtained from experimental measurements (Chapter 3). The left end of the bilayer
membrane was fixed, and the water concentration in the active layer was set to 0.9
mol/m?. Tt is worth noting that geometric nonlinearity was introduced in the simulation

to account for large deformations, and the result is shown in Figure 4.6.
Validation of the analytical solution

The experimental and numerical simulation results were used to validate the
reliability of our theoretical model. As shown in Figure 4.6, the theoretical predictions
exhibit excellent agreement with the numerical simulation and experimental results.

The overall agreement confirms the reliability of the proposed theoretical model.
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Figure 4.6 Comparison between the theoretical, numerical, and experimental results of

the bending configuration of bilayer hygroscopic membrane in uniform humidity.

4.2.2 Deformative response in a humidity field above a hot water bath

The moisture gradient above the surface of a 40 °C water bath was measured using
the method described in Chapter 3 (Figure 4.7). A piece of glass and a pre-bent
hygroscopic membrane were placed above the water surface to enable accurate
measurement of the humidity gradient during membrane deformation. The bilayer
membrane used here also consists of PVC (inert layer) and MXene (active layer), with

a length of 4 cm.
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4.2 Deformative response of cantilevered membranes

Figure 4.7 Moisture gradient above the surface of a 40 °C water bath with a

cantilevered membrane.

Experimental results

The bilayer hygroscopic membrane was placed above the surface of the 40 °C

water bath and exhibited significant bending deformation, as shown in Figure 4.8.

Figure 4.8 Bending deformation of bilayer hygroscopic membrane above the surface

of the 40 °C water bath.

Theoretical results

The moisture gradient distribution C(y) obtained in Figure 4.7 was directly
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incorporated into the theoretical model. By applying the corresponding geometric
relationships, the theoretical deformation profile of the bilayer hygroscopic membrane

under the gradient humidity field was determined, as shown in Figure 4.9.

FEM simulation

The finite element simulation results are presented in the Figure 4.9, using the

same boundary conditions as previously defined.

Validation of the analytical solution

As shown in Figure 4.9, the deformation configurations derived from
experimental observation, finite element simulation, and theoretical model are in close
agreement. Nonetheless, the experimental profile is slightly lower, likely due to the

influence of gravity, which was not considered in the theoretical or numerical models.

Figure 4.9 Comparison between the theoretical, numerical, and experimental results of
the bending configuration of bilayer hygroscopic membrane in a gradient moisture

generated by a 40 °C water bath.
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4.2 Deformative response of cantilevered membranes

4.2.3 Deformative response in a humidity field with a linear gradient

In this section, the deformation of a cantilevered bilayer membrane under a linear
humidity gradient field is investigated. The linear distribution of humidity along the
height is illustrated in Figure 4.10. It is assumed that the highest humidity is 90% at
the base (height = 0), and it decreases linearly to 60% —matching ambient humidity—
at the top, where the height equals the film length. Since such a linear humidity gradient
is difficult to reproduce experimentally, only the results from the theoretical model and

finite element simulations are discussed here.

90+
80+
9
S
70
60+
0 1 2 3 4
Height (cm)

Figure 4.10 Linear moisture gradient distribution.

Under the linear humidity gradient, the results obtained from the theoretical model
and finite element simulations also exhibit a high degree of consistency (Figure 4.11).
However, a small discrepancy remains, which is likely attributed to the different
methods adopted by the theoretical model and the finite element method in accounting

for large deformations.
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Figure 4.11 Comparison of FEM result and theoretical result of the bending

configuration of bilayer hygroscopic membrane in a linear humidity gradient.

4.3 Deformative response of free-standing membranes

For the theoretical modeling of free-standing hygroscopic membranes, it is only
necessary to modify the cantilever beam model to be symmetric about x = 0. In
addition, since the free-standing membrane model adopts free boundary conditions, the
stability of its deformed configuration is also of great importance. Therefore, the
centroid of the deformed membrane will be calculated. Furthermore, the trajectory of
the centroid when the deformed membrane rolls will be used to determine whether the
membrane is in a stable state at that moment: as the membrane maintains point contact
with the substrate after deformation, it is only in a stable state when the center of mass

reaches its lowest position.

4.3.1 Deformative response in uniform humidity

The deformation of the free-stranding bilayer hygroscopic membrane in a uniform

63



4.3 Deformative response of free-standing membranes

humidity field (RH=90%) is shown in Figure 4.12 (a). Its deformation configuration
agrees well with both the theoretical model and the finite element results, further
confirming their reliability (Figure 4.12 (b)). In the following, the stability of this

deformation configuration will be analyzed.

Figure 4.12 (a) Deformation configuration of bilayer hygroscopic membrane in a
uniform humidity field. (b) Comparison between the experimental, theoretical, and

FEM results of the deformation configuration.

Stability

As discussed above, for a free-standing bilayer hygroscopic membrane, the post-
deformation stability can be evaluated by tracking the centroid trajectory during rolling.
In the case of a uniform humidity field, the mismatch stress within the bilayer is
constant. According to Eq. (4.14), this leads to a constant curvature of the deformed
membrane, resulting in a configuration that forms an arc segment with a fixed radius.
For such a standard arc, the initial configuration—symmetric about x = 0 —is
inherently stable. This is confirmed by the centroid trajectory during leftward rolling,
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where the initial position always corresponds to the lowest point (Figure 4.13).

Figure 4.13 Theoretical modelling showing the rolling of the deformed bilayer
membrane from the initial position to the final position in a uniform humidity field, and

the centroid trajectory during this process.

4.3.2 Deformative response in humidity field above a hot water bath

For the humidity field above a water-bath surface, the deformation of the bilayer
hygroscopic membrane can still be predicted using both the theoretical model and finite
element simulations, as shown in Figure 4.14. The discrepancies among the
experimental results, the theoretical model, and the finite element simulations may

originate from errors in fitting the humidity gradient profile at the water bath surface.
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Figure 4.14 (a) Deformation configuration of bilayer hygroscopic membrane in a
humidity field above a water-bath surface. (b) Comparison between the experimental,
theoretical, and FEM results of the deformation configuration of the bilayer membrane

in a humidity field above a hot water bath.

Stability

However, the stability analysis in this case differs from that under a uniform
humidity field. This is because the humidity above the water-bath surface decreases
with height, which implies that the mismatch strain in the bilayer also decreases.
According to Eq. (4.14), this results in a reduced curvature along the height of the
membrane. This non-uniform curvature makes the stability analysis more complex. For
the PVC/MXene bilayer considered here, the overall variation in curvature is relatively
small, and the membrane remains in a stable configuration under this humidity field

(Figure 4.15).
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Figure 4.15 Theoretical modelling showing the rolling of the deformed bilayer
membrane from initial position to final position in a humidity field above a water-bath

surface, and the centroid trajectory during this process.

For the bilayer membrane, assuming that the thicknesses of the active and inert
layers remain constant (10 um and 50 pm, respectively) and that the physical
properties of the active layer (Young’s modulus and hygroscopic expansion coefficient)
remain unchanged, Eq. (4.14) gives the relationship between the bending curvature of

the membrane and the mismatch strain as:

K(x) = Emis () (4.15)

4.5x10‘5x(%‘;+0.74)

According to Eq. (4.15), the coefficient relating curvature to mismatch strain
increases with the reduction in stiffness of the inert layer. It can be anticipated that when
E;, decreases below a certain threshold, the curvature of the membrane during bending
will increase progressively with decreasing height, and the stability of the free-standing

membrane under humidity stimulation will be reduced. For example, when the modulus
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of the inert layer drops to 0.5 GPa, the lowest point of the centroid is no longer located
at its initial state (Figures 4.16 (a), (b)), but rather at an intermediate configuration
(Figure 4.16 (¢)). In this case, the deformed membrane will spontaneously roll until its

centroid reaches the lowest point.

Figure 4.16 (a) Experimental observation of the bending configuration of free-standing
membrane in gradient humidity. (b) Comparison between the experimental, theoretical,
and FEM result of the deformation configuration of bilayer membrane in a humidity
field above a water-bath surface. (c) Theoretical modelling showing the rolling of the
deformed bilayer membrane from the initial position to the final position in a humidity

field above a water-bath surface, and the centroid trajectory during this process.

4.3.3 Deformative response in a humidity field with a linear gradient

The distribution of the linear gradient humidity field is the same as Figure. 4.10.
Since it is not feasible to reproduce such a humidity gradient in experiments, only the
theoretical model and finite element model results are analyzed here. Similar to the
humidity field above the water bath surface, the linear humidity gradient also decreases
with height. Therefore, the deformation profile of the bilayer free-standing hygroscopic
membrane in this humidity field is similar to that in the water bath surface humidity

field, as shown in Figure 4.17 (a). When the physical properties of the bilayer
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membrane are the same as those of PVC and MXene, the initial position is the most

stable state (Figure 4.17 (b)).

Figure 4.17 (a) Comparison between the theoretical and FEM result of the deformation
configuration of bilayer membrane in a linear-gradient humidity field. (b) Theoretical
modelling showing the rolling of the deformed bilayer membrane from the initial
position to the final position in a linear-gradient humidity field, and the centroid

trajectory during this process.

Similar to the case of the humidity field above the water bath surface, according
to Eq. (4.15), the stability of the free-standing membrane in a linear gradient humidity
field decreases as the stiffness of the inert layer decreases. For example, when the
Young’s modulus of the inert layer is reduced to 0.5 GPa, the initial state becomes

unstable (Figure 4.18).
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Figure 4.18 (a) Comparison between the theoretical and FEM result of the deformation
configuration of bilayer membrane in a linear-gradient humidity field. (b) Theoretical
modelling showing the rolling of the deformed bilayer membrane from the initial
position to the final position in a linear-gradient humidity field, and the centroid

trajectory during this process.

4.4 Summary

In this chapter, the deformative responses of bilayer hygroscopic membranes
under different humidity fields were systematically investigated. The discussion
focuses on bilayer hygroscopic membranes composed of PVC (inert layer) and MXene
(active layer), whose deformation behaviors under uniform humidity and the humidity
field at the surface of a 40°C water bath can be accurately predicted by theoretical

models and finite element analysis.

For cantilever boundary conditions, since one end of the membrane is fixed, the
resulting deformation response is always a steady-state configuration. In contrast, for
free-standing membranes, the stability of the deformation response depends on the

external humidity field and the modulus of the inert layer. Under uniform humidity, the
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membrane adopts a standard circular arc shape with constant curvature, indicating a
stable state. However, under the humidity gradient at the surface of the hot water bath,
when the inert layer has a high stiffness, the deformed membrane remains stable;
whereas with a lower stiffness of the inert layer, the membrane deforms to an unstable
state and spontaneously moves toward a more stable configuration. These findings
enable the prediction and control of the deformation responses of bilayer hygroscopic
membranes under varying humidity fields, thereby enhancing their application potential

in humidity sensors and soft actuators.

Nevertheless, the findings of this chapter have certain limitations. First, the
theoretical model for bilayer hygroscopic membranes is applicable only when the
thickness of the active layer is much smaller than that of the inert layer, assuming
uniform stress distribution across the active layer’s cross-section. When the two layers
have comparable thicknesses, the stress within the active layer varies with thickness,
rendering the model invalid. Second, although large deformations have been
incorporated into the model, excessive membrane curvature can lead to significant
errors in the geometric approximations used. Finally, the model assumes that both the
active and inert layers behave as continuous media; it becomes inapplicable when
excessive strain induces cracking in either layer or when interfacial strength is

insufficient, as interfacial failure is not considered.
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Chapter 5. Moisture-driven oscillation of monolayer hygroscopic

membranes

The escalating environmental pollution and ecological deterioration driven by
excessive fossil fuel consumption highlight the pressing demand for sustainable energy
harvesting from ambient sources [110, 152]. Traditional technologies predominantly
harness the motion of natural media—such as wind, flowing water, and tides—to
actuate mechanical rotors [100, 117, 153], converting the kinetic energy into electricity
via electromagnetic induction. Although efficient in large-scale power generation, these
systems are inherently large, heavy, and designed for high output, which restricts their
integration with distributed microelectronics, flexible devices, and Internet of Things

(IoT) systems [154].

Stimuli-responsive materials have emerged as an attractive alternative, capable of
transforming diverse environmental inputs—including light [155, 156], electric fields
[157-159], thermal gradients [42, 160], and humidity [45, 161]—into mechanical
deformation. Nevertheless, under constant stimuli, their actuation is generally
unidirectional and irreversible, posing challenges for applications that require
continuous reciprocating motion [128, 139]. This limitation has been a major barrier to
realizing energy harvesters based on dynamic deformation in ambient environments. A
significant advance has been achieved with membranes fabricated via stacked
nanoflake assembly (SNA) of two-dimensional materials, such as titanium carbide

(MXene) and graphene oxide (GO). These membranes can maintain persistent
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oscillatory motion under steady water vapor flows [35, 94], enabling continuous

propulsion and direct energy conversion from ambient humidity [39, 62, 162-164].

Despite this progress, the fundamental mechanism governing such autonomous
oscillatory behavior remains insufficiently understood. Previous studies have attributed
the bending deformation of SNA membranes to gradient strain induced by d-spacing
expansion between nanoflakes during water absorption [62, 165], but this view
underestimates the dominant role of in-plane expansion relative to the out-of-plane
component in determining membrane bending [105]. Moreover, most research
emphasizes moisture gradients as the primary driving force [166], while neglecting the
significant influence of intrinsic structural and physical properties on oscillatory
characteristics. This incomplete mechanistic framework has constrained the rational
design and performance optimization of SNA membranes for advanced applications,

including microscale propulsion and high-efficiency nanogenerators.

In this chapter, two representative hygroscopic SNA membranes (MXene- and
GO-based) were systematically examined to elucidate the underlying mechanism of
humidity-driven autonomous oscillation. The findings reveal that the oscillatory
behavior originates from the synchronized coupling of two dynamic physical processes:
(1) water transport across the membrane thickness driven by environmental humidity
gradients, and (2) reversible in-plane expansion/contraction induced by water
absorption/desorption. Through the integration of dimensional analysis and numerical

simulations, three critical dimensionless parameters were identified, and their effects
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on oscillation characteristics were quantitatively determined.

5.1 Experimental investigation of the oscillation

Three types of SNA membranes made of different material systems, including
plain MXene, MXene doped with Fe3O4 nanoparticles (MXene/NP), and graphene
oxide/sodium alginate (GO/SA) were prepared (as previously mentioned in Chapter 3.1)
and cantilevered at the same altitude above a hot water bath (40°C). Both MXene/NP
and GO/SA membranes exhibited sustained oscillatory motions with frequencies of
approximately 0.5-0.6 Hz, whereas the plain MXene membrane displayed only a static

bending configuration (Figure 5.1).

Figure 5.1 Moisture-driven oscillatory behavior of SNA membranes. (a) Bending
angle-time curve of the MXene/NP and plain MXene membranes. (b) Bending angle-
time curve of the GO/SA membrane. (c) Oscillating frequencies of MXene/NP and

GO/SA membranes.

The distinct oscillation behaviors of the MXene/NP, GO/SA, and plain MXene
membranes under the same humidity field arise from their differing physical properties,
including water diffusivity, Young’s modulus, and hygroscopic swelling coefficient
(Figures 5.2(a), (b), and (c¢)). The distinct responses of MXene/NP and plain MXene
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membranes under identical humidity stimuli are attributed to modifications in the
physical properties induced by nanoparticle incorporation. Subsequent analyses
confirmed that introducing nanoparticles into the MXene membrane retards through-
thickness water transport while simultaneously altering the in-plane hygroscopic
expansion (Figures 5.2 (b), (¢)). A dopant concentration of 1.5 wt% was identified as
producing the maximum hygroscopic expansion (Figure 5.2 (d)) and was therefore

adopted in all subsequent MXene/NP membrane preparations.

Figure 5.2 (a) The measured diffusivities of MXene/NP, plain MXene, and GO/SA
membranes. (b) Stress-strain curve of MXene/NP, plain MXene, and GO/SA
membranes. (¢) The measured hygroscopic expansion coefficient (HEC) of MXene/NP,
plain MXene, and GO/SA membranes. (d) Variation of the hygroscopic expansion
coefficient (HEC) of MXene/NP membranes with the concentration of doped

nanoparticle (Fe3O4).
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To elucidate the key factors influencing oscillatory motion, the effect of membrane
orientation was first examined by rotating the oscillating MXene/NP and GO/SA
membranes from a horizontal to a vertical configuration (Figure 5.3 (a)). In both cases,
oscillation ceased immediately, indicating that a through-thickness humidity gradient is
essential for sustaining motion. The presence of such a gradient above the hot water

bath was experimentally confirmed (Figure 5.3 (b)).

Figure 5.3 (a) Responses of SNA membranes at horizontal and vertical gestures to the
same water vapor flow. (b) Humidity distribution along the height of a 40°C water-bath

surface.

The robustness of the oscillatory behavior was further assessed by mechanically
arresting the motion of the membranes through clamping. Upon release, both
MXene/NP and GO/SA membranes resumed oscillations almost instantaneously
(Figure 5.4), demonstrating that the moisture-driven excitation mechanism provides a
persistent driving force capable of sustaining autonomous motion even after transient

mechanical interruptions.
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Figure 5.4 Responses of SNA membranes to a temporary arrest.

The observed oscillations are clearly distinct from thermally induced vibrations
[167], as confirmed by the absence of measurable deformation when both membranes
were placed on a hot plate at a temperature comparable to that of the water bath (Figure
5.5). Vapor flow momentum was also excluded as a possible driving force, since a non-
hygroscopic polyethylene membrane—despite being lighter and more flexible than the
oscillating SNA membranes—showed no oscillatory response under identical vapor

flow conditions.

Figure 5.5 (a) Inertness of SNA membranes to thermal stimuli with the same
temperature as the water bath. (b) Inertness of PE film (non-hygroscopic, flexible) to

water flow momentum.

Collectively, these findings establish that the sustained oscillations of both SNA
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membranes result from the synergistic coupling between dynamic, humidity-gradient-
driven water transport across the membrane thickness and asymmetric hygroscopic
expansion/contraction cycles within the nanoflake assemblies (Figure 5.6). This
coupled chemo-mechanical mechanism enables the continuous conversion of ambient

moisture gradients into persistent mechanical oscillations.

Figure 5.6 Schematic illustration of the synergy between water transport and
hygroscopic expansion for the oscillatory behavior of SNA membranes in gradient

moisture.

5.1.1 Mechanism of the reversible in-plane hygroscopic expansion

Fundamental principles of mechanics indicate that the bending deformation of a
thin structure requires an asymmetric distribution of in-plane strain across its thickness
[105]. The specific mechanisms underlying hygroscopic in-plane expansion, however,
vary with the material system. For GO/SA membranes, it is well established that such
expansion originates from chemical restructuring of the sodium alginate (SA) phase
upon water absorption [39]. In contrast, the origin of hygroscopic in-plane expansion
in MXene/NP membranes remains unresolved [39, 62]. While hydration-induced d-

spacing expansion accounts for out-of-plane dimensional changes in MXene [62, 168],
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it does not explain the substantial in-plane strain implied by the pronounced bending
deformation of MXene-based membranes in water vapor. Given the pronounced
influence of nanoparticle doping on the hygroscopic expansion of MXene/NP
membranes, the in-plane expansion is attributed to the flattening of pre-existing nano-
wrinkles formed during the stacking of flexible MXene nanoflakes. To examine this
mechanism, the nano-wrinkle density in MXene/NP membranes was intentionally
reduced via a confined dehydration process (Figure 5.7 (a)). Compared with the
untreated control sample, the processed membranes displayed a markedly reduced
nano-wrinkle density (Figure 5.7 (b)) and a diminished hygroscopic expansion under
the same moisture stimulus (Figure 5.7 (c)), indicating that the macroscopic
hygroscopic expansion is governed by the density of nano-wrinkles. This result
explains why the hygroscopic expansion coefficient of MXene/NP membranes is
related to the nanoparticle content: an appropriate amount of nanoparticles introduces
more wrinkle structures into the MXene flakes, allowing the MXene/NP membrane to
unfold more wrinkles and generate larger in-plane strain when absorbing the same
amount of moisture. However, excessive nanoparticles lead to aggregation, which
disrupts the layered structure of the MXene flakes, thereby reducing the hygroscopic

expansion performance of the MXene/NP membrane.

79



5.2 Theoretical analysis of the oscillation

Figure 5.7 Wrinkle flattening mechanism of in-plane hygroscopic expansion. (a)
Schematic illustration of the constrained dehydration process. (b) SEM images of cross-
section and surface morphology of an untreated MXene/NP membrane and a
MXene/NP membrane after a confined dehydration process. (¢) Comparison of the
bending deformation of two bilayer strips subjected to the same moisture stimulus. Both
samples are composed of the same inert layer (PVC) but different active layers: an
untreated MXene/NP membrane, and a MXene/NP membrane after confined

dehydration.

5.2 Theoretical analysis of the oscillation

The sustained oscillation of SNA membranes in a steady water vapor flow arises
from the coupling of two dynamic physical processes: through-thickness water
transport and bending induced by hygroscopic expansion (Figure 5.8). To elucidate the
fundamental physics governing these processes, the membrane is modeled as a two-
dimensional beam with length [, thickness h, and density p. Disregarding the exact
physical mechanism of the water transport, it is assumed that the tempo-spatial
evolution of the water concentration (C) within the membrane complies with the one-

ac a2%c

dimensional Fick’s law — =D

oL 32 where D is a constant coefficient, also called
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diffusivity, characterizing the rate of water transport along the thickness direction (p).
An intrinsic time scale characterizing the speed of water transport across the membrane

. . h?
thickness is given by tp = e

On the other hand, the deflection of the beam (v) is described by the dynamic

Euler—Bernoulli beam equation [169]

2
£l (2Y) 4 ph v =M (5.1)

axt otz ox2
where E is the Young’s modulus, [ = 1_12h3 is the moment of inertia of the beam of
unit width, and My is the equivalent bending moment produced by the hygroscopic
expansion. It can be demonstrated that Mg is associated with the in-membrane water
concentration C through Mg (x,t) = EB [[ C(x,y,t)ydA , where B is the
hygroscopic expansion coefficient, implying the coupling between the water transport
process and the dynamic deflection process. An intrinsic time scale characterizing the
speed of dynamic deflection is defined as the structure’s natural oscillation period:
ty = % \/?Tp. Notably, the ratio between time scales tp and ty has been found to play

an important role in determining the oscillation behaviours of the beams induced by

other similar stimuli [167].
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5.2 Theoretical analysis of the oscillation

Figure 5.8 Theoretical modelling and numerical simulation of moisture-driven
oscillation of SNA membranes (a) Mechanical model of the SNA membrane. (b)
Schematic illustration of the coupling between water transferring and the dynamic beam

vibration process.

Given the complex time-dependent boundary conditions and the large
deformations of the membranes subjected to moisture gradients, obtaining an analytical
solution to the coupled diffusion—vibration equations is highly challenging, if not
infeasible. As an alternative, finite element (FEM) simulations were employed to
predict the dynamic behavior of SNA membranes under moisture gradients replicating

experimental conditions (Figure 5.9).

Figure 5.9 Snapshots of the oscillating behavior of SNA membranes in FEM simulation
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Chapter 5. Moisture-driven oscillation of monolayer hygroscopic membranes

The simulations successfully reproduced the cyclic oscillatory motions of both
MXene/NP and GO/SA membranes, showing strong agreement with experimental
observations in key oscillatory characteristics—including frequency, amplitude, and

static bending angle (Figure 5.10)—thereby validating the FEM approach.

Figure 5.10 Comparison of FEM and experiment results of (a) frequency, (b) amplitude,

and (c) static bending angle of MXene/NP and GO/SA membrane.

Further FEM analysis revealed that the mean moisture concentration within the
SNA membranes oscillates periodically, exhibiting an opposite phase relative to the
bending angle (Figure 5.11). When the membrane is fully flattened, its average water
concentration reaches the maximum, whereas at the maximum bending angle, the
average water concentration is at the minimum. This is clearly related to the
membrane’s position: in the external humidity field, the lower the height, the higher the

concentration.
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5.2 Theoretical analysis of the oscillation

Figure 5.11 Calculated variations of average concentration of water (C) and bending

angle (0) with time in (a) MXene/NP membrane and (b) GO/SA membrane.

This observation suggests the presence of a negative feedback loop linking
mechanical deformation and water transport. To investigate the dynamics of water
movement during oscillation, the moisture flux across the top and bottom surfaces of
the membranes was analyzed (Figure 5.12), revealing a periodic, breathing-like

absorption—desorption cycle.

Figure 5.12 Calculated fluxes through the top and bottom surfaces of the (a) MXene/NP

and (b) GO/SA membrane as functions of time.

A representative oscillation cycle, highlighting moments -1V (Figures 5.11 and

5.12), illustrates the process in detail. During the first half cycle (I — II — III), as the
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membrane bends upwards, water is expelled predominantly through the top surface
while absorption at the bottom remains minimal. Conversely, during the second half
cycle (Il — IV — I), as the membrane rebounds downward, water is absorbed mainly
through the bottom surface with negligible desorption at the top. Notably, the peaks of
outflux and influx occur at moments II and IV, respectively, coinciding with the

membrane’s maximum swinging speed in opposite directions.

This dynamic exchange between the membrane and its environment induces
fluctuations in internal moisture distribution, resulting in cyclic variations of the
through-thickness moisture gradient (Figure 5.13). Specifically, during the first half
cycle (I — II — III), the moisture gradient between the top and bottom surfaces
increases, indicating that water outflux at the top exceeds the rate of diffusive
homogenization. By moment III, the gradient reaches its maximum, corresponding to
the peak bending deformation. In the second half cycle (Il — IV — 1), the gradient
decreases as diffusion counterbalances the bottom-surface absorption. This recurrent
variation of the moisture gradient sustains autonomous oscillations of the membrane.
The resulting mechano-fluidic feedback—where bending modulates moisture influx,
which in turn drives further deformation—establishes a self-sustained cyclic oscillation

mechanism.
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5.3 Rational regulation of the oscillation

Figure 5.13 Calculated moisture distribution in the (a) MXene/NP and (b) GO/SA
membranes at four feature moments in a representative cycle (dimensions and bending

angles here are not to scale).

5.3 Rational regulation of the oscillation

5.3.1 Dimensional analysis of the oscillation

To gain more insights into the moisture-driven oscillation of the SNA membranes,
a theoretical model was built up in which the SNA membrane is considered as a two-
dimensional (plane-strain assumption) continuum cantilever with length [ and
thickness h, Young’s modulus E, and density p. The water transport in the membrane
is effectively considered as a diffusion process with diffusivity D, and the hygroscopic
swelling behavior of the membrane is described by the hygroscopic expansion
coefficient 8, which represents the strain caused by a unit change of moisture
concentration. The membrane is horizontally placed in an environment with a moisture
concentration linearly decreasing with altitude at a constant gradient of g.. Above 7

parameters (i.e., I, h, E, p,D, 8, gc) fully define the model problem. In other words,
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Chapter 5. Moisture-driven oscillation of monolayer hygroscopic membranes

the dynamic response of the membrane to the stimulus is determined by the values of
these parameters. To identify the dominant affecting parameters for a parametric study
on the oscillatory motion, a dimensional analysis was carried out based on the

Buckingham’s & theorem.

Buckingham’s n theorem [170] is a powerful tool for dimensional analysis. It
offers a facile method for identifying a set of dimensionless parameters from given
dimensional physical variables, or nondimensionalization, even if the form of the
governing equation is unknown. Specifically, if there are n physical variables in a
problem and these variables involve m basic physical dimensions such as M(mass),
L(length), and T(time) et al., the governing equation can be rewritten in terms of (n —
m) dimensionless parameters. For the model problem defined above, there are 7
physically meaningful variables including / (length), 4 (thickness), £ (Young’s
modulus), p (density), D (diffusion coefficient), § (hygroscopic expansion coefficient),
gc (gradient of moisture concentration in the environment). These variables involve 4
basic dimensions including L (length in units of m), M (mass in units of kg), 7 (time in
units of s) and N (quantity in units of mol). According to the Buckingham’s n theorem,
solutions to the nondimensionalized governing equations of this problem depend only

on 3 independent dimensionless parameters, or groups, denoted as II;(i = 1,2,3).

By choosing 4, D, E and f as 4 repeating variables, then the dimensionless

parameters are expressed in terms of the repeating variables as
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I, = [M1h% P93 [+ R
I, = pP1hb2 pbs Eba gbs (5.2)
]'[3 = gglhczDC3EC4ﬁC5

where indices a;, b;, ¢; (i = 1,2,...,5) can be determined according to the fact that

the dimensions on both sides of the above three equations should be identical.

For the dimensionless II; parameter, the dimensional matrix, where the rows
correspond to the basic dimensions 7, M, L, and N and the columns to the dimensional

variables L, h, D, E,and f, is given by

L h D E B

T 0 0 -1 -2 O

M 0 0 O 1 0

L 11 2 -1 3

N 0 0 O 0 -1

or

0o 0 -1 -2 O
matrix = 00 0 1 0
1 1 2 -1 3
0 0 O 0 -1

The matrix-vector multiplication is given by

a;
00 -1 -2 0],
00 0 1 0

as| =
11 2 1 3||® [0 0 0 0]
oo o o -,

5

The solution can be obtained by taking the index of a prime quantity a; = 1, then

the vector a becomes
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Therefore, the variables are I, = [h=%, I, = hD"'EY2p=Y2 I, = g.fh.
The solutions to the governing equations (nondimensionalized) of the model problem
depend on the values of three dimensionless parameters I1;, II,, II5. Obviously, one
can choose the other three dimensionless parameters derived from I1;, II,, I3 aslong
as the independence between them is ensured. In our study, for example, three

dimensionless parameters were chosen as follows:

l n, _ n® |E

S=1Il;=- B= =— |=
17w M2vV1iz ~ 12D ] 12p’

SA = H3 = gcﬁh (53)

Such a selection makes the resulting dimensionless parameters more meaningful

in physics. In particular, S describes the slenderness of the membrane, B represents
2

the competition between the intrinsic time scales of diffusion and vibration: tp = %

1?2 |12 . . . .
and ty = - /Tp, and &, stands for the maximum mismatch strain that the stimulus

can impose across the thickness of the membrane.

5.3.2 Dictating parameters of the oscillation

To quantitatively assess the influence of these dimensionless groups on oscillation

behavior, a parametric study was performed using finite element analysis,
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5.3 Rational regulation of the oscillation

systematically varying the values of § and B while keeping &, constant. The
dependence of oscillatory characteristics—frequency (f), amplitude (4), and static
bending angle (65;) —on S and B is visualized in phase diagrams for both MXene/NP
and GO/SA membranes at different &, values, which differ due to variations in
membrane thickness 4. These two phase diagrams reveal similar frequency responses
between MXene/NP and GO/SA membranes at different €, values (Figure 5.14 (a)).
Notably, oscillating frequency exhibits strong dependence on B and S but remains
insensitive to &,, as the latter governs strain magnitude rather than dynamic coupling.
The time-scale parameter B emerges as a critical frequency modulator: lower values
(indicating faster moisture diffusion relative to mechanical response) accelerate system
equilibration, suppressing oscillations. Consequently, frequency increases with B at

fixed S, demonstrating tunability through material selection and geometric design.

Amplitude and static bending angle analysis (Figures 5.14 (b), (¢)) identifies
optimal performance regions combining lower B and higher S. This inverse correlation
stems from thickness-dependent stiffness reduction — thinner membranes with
elevated S exhibit diminished flexural rigidity (EI < h*), amplifying deformation under
equivalent hygroscopic moments. For instance, doubling S through length extension or
thickness reduction enhances compliance, simultaneously boosting transient oscillation
magnitude and steady-state curvature. The &, parameter further modulates
deformation capacity, with higher values enabling greater maximum bending through
intensified hygroscopic strain gradients.
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Chapter 5. Moisture-driven oscillation of monolayer hygroscopic membranes

Together, this parametric framework establishes systematic design principles for
tailoring the dynamics of humidity-responsive oscillating membranes.
Maximizing S and €, enhances deformation potential through geometric optimization
and material hygroscopicity tuning, while strategic B adjustment balances frequency
and amplitude requirements. Practical implementation involves tailoring membrane
geometry to adjust S, modifying nanoflake compositions to regulate water diffusivity
(D) and hygroscopic responsivity (), and optimizing environmental conditions to
enhance moisture gradients (g.). Such multidimensional control provides a rational
path for customizing oscillation dynamics of SAN membranes for diverse applications

ranging from energy harvesting to biomimetic propulsion systems.

Figure 5.14 Phase maps showing the influences of the dimensionless parameters B, S,
and &, on the oscillation behavior characterized by (a) frequency (f), (b) oscillation
amplitude (4), (¢) static bending angle (6;). Here, the strain mismatch &,, which can
be determined from moisture gradient gc, hygroscopic expansion coefficient S, and
membrane thickness 4, is taken as 5.61 X 1077 for the MXene/NP sample and
4.86 x 1077 for the GO/SA sample.

5.4 Summary

In this chapter, the oscillatory behavior of single-layer SNA membranes under
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gradient humidity stimulation was systematically investigated. A series of control
experiments confirmed that the oscillation is independent of heat and vapor flow
momentum; rather, it arises from external humidity gradients coupled with reversible
hygroscopic in-plane expansion. Furthermore, our explanation of the microscopic
mechanism underlying the reversible in-plane expansion of MXene membranes
provides new insights for the study of humidity-responsive applications of MXene-
based membranes. Unlike most previous studies that primarily focus on the potential
applications of oscillatory behavior, the mechanical model proposed in this chapter
successfully predicts the oscillation of SNA membranes, enabling principle-based
control and prediction of sustained periodic responses of single-layer membranes under

similar conditions.

However, this work has certain limitations. For instance, MXene/NP and GO/SA
membranes exhibit limited service lifespan in ambient humidity environments due to
oxidation and hygroscopic saturation (to be discussed in the next chapter), which
significantly restricts their practical applicability. Considerable efforts have been
devoted to mitigating oxidation in two-dimensional materials, such as surface
modification [171], reactive surface reformation [172], and modifying fabrication
process including bottom-up growth for heterostructures [173], as well as liquid-solid
phase self-assembly approach [174]. Yet, whether such modifications affect their
humidity-induced oscillatory behavior remains unknown. In addition, it is still unclear
whether our findings can be generalized to other hygroscopic membranes exhibiting
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Chapter 5. Moisture-driven oscillation of monolayer hygroscopic membranes

similar phenomena, for instance, a composite monolayer membrane made by
spiropyran and agarose was also able to generate an oscillatory motion in the ambient
humidity field [175]. Finally, the finite-element simulations conducted in this study
approximate the humidity gradient above a 40 °C water bath; incorporating an explicit
evaporation model in future simulations could further enhance their accuracy and

credibility.
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Chapter 6. Application of moisture-driven oscillation

Moisture plays a significant role in the fields of actuators and energy harvesting,
with membrane materials consistently remaining at the forefront of research. In
moisture-driven actuators, membrane materials have demonstrated functionalities such
as crawling [123, 176], lifting [177], and gripping [178]. Moreover, owing to their high
sensitivity to moisture, hygroscopic membrane actuators also hold great potential in
applications such as health monitoring [179] and thermoregulation devices [95]. In the
field of energy harvesting, in addition to electricity generation via proton diffusion and
ion migration within moisture-driven membranes [180], and via piezoelectric effects
induced by moisture-driven expansion/contraction of membranes [163, 181, 182],
electromagnetic induction can also be achieved through the reciprocating motion of
moisture-driven membranes. For example, moisture can drive a windmill composed of
membrane materials to rotate, thereby cutting magnetic flux lines and generating
induced currents [117]. However, most moisture-driven membrane actuators and
generators rely on controlling the moisture source to induce continuous cyclic motion,
which reduces energy conversion efficiency and increases device complexity. Moreover,
although numerous studies have elucidated the degradation mechanisms of MXene and
GO in considerable detail [183, 184], little attention has been paid to how these
mechanisms influence their hygroscopic oscillatory behavior. For instance, MXene
undergoes rapid oxidation in air—within a timescale of several hours to days—and this

process is accelerated by water vapor and elevated temperatures [185]. Our
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6.1 Application of moisture-driven oscillation in propulsion

observations reveal that MXene/NP and GO/SA membranes cannot oscillate
permanently in humid environments. Investigating the underlying mechanisms
governing this limitation would therefore provide valuable insights for expanding the

application potential of SNA membranes.

Therefore, membrane materials capable of generating sustained reciprocating
motion under constant humidity conditions have tremendous potential in both actuator
and energy-harvesting applications. The MXene/NP and GO/SA membranes described
in the previous chapter exhibit precisely this characteristic. Although this phenomenon
is not being reported here for the first time—many previous studies have documented
similar observations—the underlying mechanical and rational mechanisms have not
been systematically investigated. The mechanical model and parametric analysis
presented in the previous chapter can serve as a guide for controlling and predicting the
hygroscopic oscillation behavior of SNA membranes. Based on this finding, the
potential applications of SNA membranes in actuator and energy-harvesting systems
can be further explored. Additionally, this chapter will also state an in-depth comparison
of the key parameters of SNA membranes before and after failure and interpret the
associated mechanical failure mechanisms using the analytical framework established

in the preceding chapter.

6.1 Application of moisture-driven oscillation in propulsion

Inspired by the resemblance of the oscillatory motions between the SNA
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membranes and flukes, a fluke-inspired propeller with MXene/NP membrane was
developed and used to drive a mini-boat of 3 g in weight (Figure 6.1). A prototype of a
propeller was prepared by tailoring an MXene/NP-based membrane into a fluke-like

shape.

Figure 6.1 Schematic illustration of the working principle of a fluke-inspired propeller

driven by moisture.

The slenderness ratio (S) of the propeller, a critical parameter governing oscillatory
amplitude, was designed based on the concerned phase map (Figure 6.2). To maximize
the oscillating amplitude for a better performance of propulsion, a design of the
propeller was opted with §'= 3750 and B = 0.0015 under the guidance of the theoretical

phase diagrams.

Figure 6.2 Theoretical phase map guiding the design of the propeller for higher

amplitude. The construction of this map is based on &, = 5.6 X 1077.
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The resulting propeller was affixed to the tail of a min-boat constructed from
lightweight polystyrene foam. A piece of stainless-steel mesh was attached beneath the
propeller to prevent direct contact with water. When the mini-boat is deployed in a
water bath (~40°C), the propeller flaps in response to the moisture stimulus
spontaneously, driving the mini-boat to move forward at an average velocity of 0.12

body length/s (Figure 6.3).

Figure 6.3 (a) Snapshots of the mini-boat driven by the fluke-inspired propeller. (b)

Displacement-time curve of the mini-boat driven by the fluke-inspired propeller.

6.2 Application of moisture-driven oscillation in energy harvesting

To further demonstrate the application potential of the SNA membranes in energy
conversion and generation, we developed a nanogenerator with a GO/SA membrane
based on the principle of contact-separation triboelectric principle. To enable diffusion
of moisture across both surfaces of the GO/SA membrane, through holes were introduce
in the Nylon—copper foil bilayer. When exposed to the weak moisture emitted from a

hand, the GO/SA membrane exhibits continuous oscillation, resulting in a periodic
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contact—separation process with the Nylon-based positive triboelectric layer. It enables
us to collect electrical energy from the weak moisture gradient above a human hand

(Figure 6.4).

Figure 6.4 Schematic illustration of the working principle of the hand moisture

nanogenerator.

The maximum strain €, that GO/SA membrane can generate in moisture gradient
g of the human palm is determined by the humidity distribution along the height from
the palm skin (Figure 6.5), which can be also measured by the sensor made by the

MXene strip.
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Figure 6.5 Relative humidity distribution along the height from the palm skin

Guided by the corresponding phase maps (Figure. 6.6), we reached a satisfactory
design of the membrane with S = 1500, B = 0.043. When placed above a human hand,

the membrane flaps at a frequency of 0.9 Hz and amplitude of 32°.

Figure 6.6 Theoretical phase maps guiding the design of the GO/SA membranes for
considerable frequency and oscillation amplitude. The construction of these maps is

based on &4 = 2.68 X 1077 as determined from corresponding measurements.

As a result, a periodic contact—separation occurs between the two layers,
generating a pulsing voltage output with a peak voltage of approximately 1.7 V (Figure
6.7), which is recorded by the voltmeter within a Digital Multimeter, with an impedance

factor of 100MQ (DM3068, RIGOL).
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Figure 6.7 Induced voltage signal generated by the hand moisture-driven nanogenerator.

This voltage can be used directly to light up an LED lamp (Figure 6.8), or charge
a second battery after rectification, demonstrating the high potential of hygroscopic

SNA membranes in ambient energy harvesting.

Figure 6.8 Snapshots of the hand moisture-driven nanogenerator lighting up an LED

lamp.

6.3 Performance decay of SNA membranes

6.3.1 Performance decay of MXene/NP membranes

It is worth noting that the oscillatory behavior of MXene/NP and GO/SA
membranes under humidity is not permanent. For the MXene/NP membrane,
oscillations typically last for 2—3 hours, after which the behavior transitions into a static
bending deformation. To determine whether this decay is caused by oxidation of

MXene or by saturated moisture absorption, a series of verification experiments was
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conducted. To verify whether it is due to saturation, MXene/NP membranes that could
no longer oscillate were placed in a vacuum drying chamber (@ = 30%) for drying.
Based on this procedure, the samples were classified into three states: the pristine state
(oscillatory), the decayed state (non-oscillatory), and the re-dried state. It turned out
that the oscillation did not recover in re-dried membranes (Figure 6.9), indicating that

moisture saturation was not the underlying cause.

Figure 6.9 Humidity responses of pristine, decayed, and re-dried MXene/NP

membrane

The physical properties of the three states were then re-measured. In terms of
mechanical properties, uniaxial tensile tests showed that the Young’s modulus of the
membranes exhibited no significant changes; however, the tensile strength of the
decayed and re-dried states was dramatically reduced (Figure 6.10). This suggests that
prolonged exposure of MXene/NP membranes to water vapor and air might lead to

oxidation.
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Figure 6.10 Stress-strain curve of pristine, decayed, and re-dried MXene/NP

membranes.

To verify this hypothesis, X-ray diffraction (XRD) measurements were performed
on the three membrane states. The results showed distinct changes in the 2-theta peaks
for the decayed and re-dried samples, indicating an increased TiO» content within the
MXene/NP membranes—strong evidence of MXene oxidation (Figure 6.11). Previous
studies have reported that when Ti atoms in MXene flakes are oxidized to TiO», the
mechanical properties are significantly decreased, which also explains the reduction in

tensile strength observed in the latter two states.
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Figure 6.11 XRD curve of pristine, decayed, and re-dried MXene/NP membranes.

To reveal the reason why oxidized MXene/NP membranes are unable to oscillate,
water diffusivity was compared across the three membrane states. As shown in Figure
6.12, oxidized membranes exhibited markedly higher diffusivity, implying that the
characteristic diffusion time tp was substantially reduced. This accelerates water
transport through the membrane thickness, allowing the concentration gradient to
stabilize more quickly. As a result, the dimensionless number B decreases, lowering the

oscillation frequency.
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Figure 6.12 Weight loss of water as a function of time for pristine, decayed, and re-

dried MXene/NP membrane.

The hygroscopic expansion coefficient (HEC) of the three MXene/NP membrane
states was also measured, as shown in Figure 6.13. The results indicate a significant
reduction in HEC for the oxidized states, implying a reduced bending deformation

under humidity stimulus, which further attenuates the oscillatory behavior.

Figure 6.13 Hygroscopic strain generated by pristine, decayed, and re-dried MXene/NP

membrane under different relative humidity.

To interpret the disappearance of oscillations using the phase diagram, the density
of the membranes was measured in all three states (Figure 6.14 (a)). The oxidized
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membranes exhibited higher densities. Meanwhile, the changes in water diffusivity and

HEC are summarized in Figure 6.14 (b).

Figure 6.14 (a) Density changes of the MXene/NP membrane under three states. (b)
Comparison of water diffusivity D and hygroscopic expansion coefficient [ for

different states of GO/SA membranes.

Since the previous chapter established that oscillation frequency is not dependent
on maximum strain, only the phase diagram of oscillation amplitude after oxidation is
shown in Figure 6.15. As illustrated, the combined effects of reduced HEC and
increased D lead to a substantial decrease in oscillation amplitude. Together with the
frequency reduction due to higher D, this phase diagram provides a mechanistic
explanation for the transition from oscillation to static unidirectional bending in

oxidized MXene/NP membranes.
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Figure 6.15 Phase map (amplitude) shift of MXene/NP membrane from pristine state

to decayed state.

6.3.2 Performance decay of GO/SA membranes

For the GO/SA membrane, the oscillation behavior persisted for only about 10
minutes. Unlike the MXene/NP membrane, the GO/SA membrane gradually flattened
and even sagged after oscillation ceased. To determine whether this decay was caused
by irreversible oxidation or by hygroscopic saturation, a series of validation
experiments was conducted. Non-oscillating GO/SA membranes were dried in a
vacuum drying chamber under the same conditions as described before. Similarly, the
membranes were categorized into three states: pristine, decayed, and re-dried. In
contrast to the MXene/NP membrane, the dried GO/SA membrane recovered its
oscillation behavior (Figure 6.16), indicating that oxidation was not responsible for the

disappearance of oscillation.
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Figure 6.16 Humidity responses of pristine, decayed, and re-dried GO/SA membrane

To examine whether hygroscopic saturation was the cause, the physical properties
of GO/SA membranes in the three states were measured. Uniaxial tensile tests revealed
no significant change in Young’s modulus between the pristine and re-dried samples,
whereas the modulus of the decayed membranes was markedly reduced (Figure 6.17).
This reduction in bending stiffness explains the sagging of the decayed membranes: the

combined effects of gravity and the weight of absorbed water induced downward

bending.
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Figure 6.17 Stree-strain curve of pristine, decayed, and re-dried GO/SA membranes.

The water diffusivity of GO/SA membranes in the three states was also measured.

The results showed no noticeable variation (Figure 6.18), suggesting that the
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characteristic diffusion time tp remained unchanged.

Figure 6.18 Weight loss of water as a function of time for pristine, decayed, and re-

dried GO/SA membrane.

Conversely, the hygroscopic expansion coefficient (HEC) exhibited a significant
decrease in the decayed membranes (Figure 6.19), which accounted for their flattening.
A lower HEC reduced the humidity-induced expansion strain, thereby lowering the

bending curvature.

Figure 6.19 Hygroscopic strain generated by pristine, decayed, and re-dried GO/SA

membrane under different relative humidity.

To further confirm that the decay effect was due to hygroscopic saturation, the
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densities of the membranes in the three states were measured (Figure 6.20 (a)). The
decayed membranes displayed a higher density due to moisture absorption, which
returned to the initial value upon drying. Moreover, after drying, both the water
diffusivity and the HEC recovered to their pristine values (Figure 6.20 (b)). These
results confirm that the disappearance of oscillation in the decayed state was indeed

caused by hygroscopic saturation.

Figure 6.20 (a) Density changes of the GO/SA membrane under three states. (b)
Comparison of water diffusivity D and hygroscopic expansion coefficient [ for

different states of GO/SA membranes.

Finally, the disappearance of oscillation can also be explained using the phase
diagram. A substantial decrease in HEC significantly reduced the maximum
hygroscopic strain &, of the membrane, which in turn diminished the oscillation
amplitude. Although the frequency remained unaffected due to unchanged diffusivity,
the phase diagram shows that regardless of variations in S and B, the amplitude tends
toward zero, thereby explaining why the GO/SA membrane gradually flattened after

reaching hygroscopic saturation.
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Figure 6.21 Phase map (amplitude) shift of GO/SA membrane from pristine state to

decayed state.

6.4 Summary

In this chapter, the universal physical principles underlying the autonomous
reciprocating motion of hygroscopic SNA membranes under a constant humidity
gradient was elucidated. Three key dimensionless parameters were identified to
characterize the structural and physical properties of the membranes and the external
stimulus, and their coupled effects on oscillation dynamics were quantitatively
established. These insights provide a theoretical basis for rationally tuning oscillation
frequency and amplitude via material and structural design, thereby optimizing
performance for applications in moisture-driven propulsion and ambient energy
harvesting. The proposed framework is broadly applicable, extending beyond
humidity-driven oscillations to analogous systems responsive to thermal, chemical, or
optical stimuli, thus expanding the potential of responsive materials in energy
harvesting and actuation technologies.
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Furthermore, the failure mechanisms of SNA membranes in humid environments
were effectively elucidated from a mechanical perspective, thereby further validating
the universality of the proposed rational regulation strategy. In addition, these findings
provide guidance for optimizing the hygroscopic oscillatory behavior of SNA
membranes. Specifically, while enhancing the oxidation resistance of MXene and
increasing the hygroscopic saturation capacity of GO/SA membranes, it is equally
important to ensure a large hygroscopic expansion coefficient, maintain a stable

Young’s modulus, and preserve favorable water diffusivity.
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Chapter 7. Conclusion and future work

Hygroscopic responsive materials play a pivotal role both in nature and in
engineering applications. Among them, membrane-based materials demonstrate
remarkable potential owing to their lightweight nature, high flexibility, rapid response,
and strong programmability. The fundamental mechanism underlying their deformation
lies in the non-uniform strain distribution across the membrane thickness, which
naturally divides their basic structural design into bilayer and monolayer configurations.
In this thesis, the deformative responses of both monolayer and bilayer membranes
under humidity stimuli were analyzed and develop mechanical models to predict and
rationally design such behaviors, thereby enhancing the application prospects of
hygroscopic membranes in actuators and energy harvesting. In this chapter, the key
conclusions distilled from this work are summarized, and the directions for future

research are highlighted.

7.1 Conclusions

Although extensive research has been conducted on both bilayer and monolayer
hygroscopic membranes, the majority of studies have primarily focused on their
applications, while comparatively less attention has been given to the underlying
mechanical mechanisms and regulation strategies. Notably, the deformation responses
of these two structural configurations are different. Phenomenologically, bilayer

membranes can only undergo static unidirectional bending, whereas monolayer

113



7.1 Conclusions

membranes are capable of generating sustained oscillatory motion in addition to
bending. Mechanistically, bilayer membranes deform due to strain mismatch arising
from the different hygroscopic expansion properties between the active and inert layers.
In contrast, monolayer membranes rely on non-uniform stimuli or heterogeneous
material properties (e.g., surface morphology, hygroscopic expansion coefficient) to
induce non-uniform strain distributions within a single layer, thereby driving

deformation.

In this work, the deformation mechanisms of both bilayer membranes and
monolayer SNA membranes were systematically elucidated from a mechanics
perspective. Furthermore, the performance of monolayer SNA membranes was
optimized for practical applications, while the proposed framework also provides a
mechanistic explanation for the decay of their oscillatory behavior. Several typical

conclusions can be summarized as follows.

® The hygroscopic deformation responses of bilayer membranes under arbitrary
humidity fields (uniform humidity, linear humidity gradient, and humidity above a
40 °C water bath surface) and different boundary conditions (cantilever and free-
standing configurations) were systematically investigated. Based on thin-film
mechanics, a simplified two-dimensional theoretical model was developed to
calculate the deformation profiles of bilayer membranes. The reliability of this
model was validated through cross-verification with experimental results and finite

element simulations. Our results show that, for cantilever bilayer membranes, the
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deformation response remains steady under all humidity fields due to the constraint
of one fixed end. Moreover, the hygroscopic expansion coefficient of the active
layer material can be quantitatively determined by measuring the curvature change
in a uniform humidity field. In contrast, for free-standing bilayer membranes, the
deformation behavior is more complex because, in the theoretical model, the
membrane remains in point contact with the substrate (while in practice, line
contact is observed). Thus, both the deformed morphology and the stability require
further investigation. Through systematic analysis, it was revealed that, for fixed
thicknesses of the active and inert layers, the post-deformation stability of the free-
standing bilayer membranes depends strongly on the ratio of the Young’s moduli
of two layers %‘; a smaller modulus ratio leads to lower stability. Specifically,
when the modulus of the inert layer is too low, the deformed membrane’s center of
mass does not reside at its lowest potential energy state, causing the membrane to
spontaneously roll until reaching the position corresponding to the lowest center
of mass. These findings not only provide a fundamental insight for predicting the
hygroscopic deformation responses of bilayer membranes and a new approach for
measuring the hygroscopic expansion coefficient of membrane materials, but also
offer practical guidelines for enhancing the structural stability of bilayer
hygroscopic membranes.

The autonomous oscillation of single-layer SNA membranes (MXene/NP and

GO/SA membranes) under humidity stimulation was systematically investigated.
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The results demonstrate that the sufficient conditions for oscillation are a humidity
gradient along the height and the reversible hygroscopic strain within the
membrane. Meanwhile, our experiments highlight the critical role of nano-wrinkle
structures in enabling MXene/NP membranes to generate sufficient hygroscopic
strain. By coupling a moisture diffusion model with the Euler—Bernoulli beam
theory, the governing mechanical equation underlying the oscillation dynamics
was established. Furthermore, three dimensionless parameters derived from the
Buckingham Pi theorem provide a framework for solving this governing equation
through finite element analysis. Parametric studies reveal that the oscillation
behavior is primarily governed by the aspect ratio of the membrane, the ratio
between the moisture diffusion timescale and the oscillation timescale, and the
maximum non-uniform strain achievable under the humidity gradient. Despite
their distinct chemical compositions, the oscillation behaviors of MXene/NP and
GO/SA membranes are successfully predicted, underscoring both the validity and
universality of our model. Importantly, because the governing equations for mass
and heat transfer share the same mathematical form, our findings extend beyond
hygroscopic oscillations to thermally driven oscillations. These insights not only
establish a robust mechanics-based approach for predicting and controlling
oscillatory behavior but also highlight the significant potential of SNA membranes
in actuators and energy harvesting applications.

® The oscillatory behavior of SNA membranes was successfully applied to a fluke-
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inspired propeller and a hand moisture-driven nanogenerator. Guided by the
theoretical framework established in the previous section, device performance was
optimized; notably, the improved membranes were still able to generate a
detectable electromotive force under the weak humidity released from a human
palm. However, it was also observed that the oscillation of SNA membranes could
not be sustained permanently. This decaying phenomenon was attributed to
different mechanisms: oxidation in MXene/NP membranes and hygroscopic
saturation in GO/SA membranes. From a mechanical perspective, the theoretical
model presented earlier further explains why membranes undergoing oxidation or
saturation can no longer sustain oscillations. These findings not only provide
practical guidelines for optimizing SNA membranes in propulsion and
nanogenerator applications but also establish a theoretical basis for future
strategies aimed at enhancing oxidation resistance and delaying hygroscopic
saturation while maintaining or even improving the membranes’ humidity-

responsive capability.

7.2 Future work

7.2.1 Enhancement of the applicability of the bilayer theoretical model

The current theoretical model for predicting the deformation of bilayer membranes

is derived under the assumption that the active layer is much thinner than the inert layer.

In realistic applications, however, the active and inert layers may have comparable
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thicknesses, which limits the applicability of the existing model. Future efforts should
therefore focus on extending the model to account for a broader range of thickness
ratios, thereby enhancing its predictive capability for practical systems. Furthermore,
discrepancies observed between theoretical predictions and finite element simulations
become more pronounced at higher curvatures. This deviation has been traced primarily
to differences in the geometric treatment of large deformations within the two
approaches. A systematic investigation is needed to determine the conditions under
which either the theoretical or numerical results are more reliable. Another critical
direction lies in incorporating fracture criteria into both the theoretical and finite
element models. Neither framework currently considers failure under excessive
deformation, which is highly relevant for practical applications where membrane
integrity is crucial. Finally, Chapter 4 revealed that the stability of bilayer membranes
decreases with the reduction of the inert layer modulus. This trend, while theoretically
sound, still requires extensive experimental validation. Future studies should therefore
aim to systematically test this prediction and quantify its implications for the design of

robust bilayer actuators.

7.2.2 Validation of the wrinkle-induced hygroscopic in-plane

expansion

In Chapter 5, the in-plane expansion of MXene/NP membranes upon moisture
absorption was attributed to the flattening of nanowrinkles on MXene flakes. This

mechanism has been partially supported by experimental evidence, where membranes
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with reduced wrinkle density—achieved via a confined dehydration process—exhibited
decreased swelling strains under the same humidity. In addition, molecular dynamics
simulations conducted by our coworkers further corroborated this hypothesis.
Nevertheless, the most direct validation of this mechanism is still lacking. Specifically,
in situ characterization of the wrinkle-flattening process during moisture absorption is
needed to provide conclusive evidence. Future work should therefore focus on
developing and employing advanced in situ techniques to directly visualize this
dynamic structural evolution. Once established, such evidence, combined with the
existing experimental and simulation results, would provide a comprehensive and

robust proof of the proposed wrinkle-flattening mechanism.

7.2.3 Performance enhancement of propeller and nanogenerator

In Chapter 6, MXene/NP and GO/SA membranes were successfully applied to
moisture-driven propellers and nanogenerators, guided by the proposed theoretical
models. However, the major limitation of both devices lies in their short operational
lifetime: MXene/NP membranes are prone to oxidation, while GO/SA membranes
suffer from moisture saturation. Therefore, future research should focus on improving
the oxidation resistance and anti-saturation capability of these hygroscopic membranes
without compromising their oscillation performance, in order to enhance their practical
applicability. Moreover, the overall performance of these devices remains inferior to
other reported prototypes. For instance, the prototype actuator exhibited significantly

lower propulsion speed than state-of-the-art light-driven counterparts (with a typical
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oscillation frequency of ~6 Hz [186]) and required water pre-heating to 40 °C, which
undermines overall energy efficiency, and the actuation force and efficiency of the
propeller should be recorded and improved. For the nanogenerator, two key issues must
be addressed: (i) the oscillation speed of the membrane remains limited, resulting in a
low induced voltage that is insufficient to power common electronic devices (e.g.,
LEDs); and (ii) the poor electrical conductivity of GO/SA membranes restricts the
magnitude of the induced current. To overcome these challenges, future efforts should
aim to optimize the geometry and physical properties of the membranes to accelerate
oscillation and to incorporate conductive nanomaterials (such as graphene or carbon
nanotubes) into the GO/SA membranes to enhance conductivity without impairing their

hygroscopic actuation.

7.2.4 Influence of flake size and nanoparticle on MXene/NP

membranes

Previous studies have demonstrated that the lateral size of MXene flakes strongly
influences their mechanical and electrical properties, with larger flakes exhibiting
enhanced Young’s modulus, tensile strength, and conductivity [187]. This raises an
intriguing question of whether flake size could also significantly affect the hygroscopic
response of MXene/NP membranes. If the mechanical properties and the hygroscopic
expansion coefficient can be simultaneously improved, larger deformations could be
achieved under the same humidity conditions, while the increased tensile strength

would mitigate fracture risks during large-strain actuation. In addition to flake size, the
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type and size of nanoparticles also represent important research directions. In this work,
Fe;04 nanoparticles with an average diameter of 100 nm were employed. It is known
that capillary forces between MXene flakes and nanoparticles tend to draw the flakes
closer together, which appears to contradict our proposed mechanism that absorbed
water flattens the wrinkles. To address this, our collaborators used molecular dynamics
simulations to reveal that the apparent contradiction arises from nanoparticle size: small
nanoparticles facilitate wrinkle flattening upon hydration, while large nanoparticles
reinforce wrinkle formation. Experimental validation of this prediction remains
essential. Furthermore, other widely used nanoparticles such as SiO2 and Al>O3 will be
surface functionalized for enhanced hydrophilicity and incorporated into MXene
membranes to systematically examine the role of nanoparticle chemistry and

composition on the hygroscopic response.
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