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 I 

Abstract 

Textile wearables have been widely used in our daily lives and regarded as the 

second human skin. They have attracted significant attention in wearable technologies 

owing to their unique natures and remarkable properties such as excellent flexibility, 

good air permeability, lightweight, thermal-protective, versatile structure designs, and 

robust mechanical deformation capacities. In practical applications, fibers usually 

require further modifications with functional materials for the enhancement of their 

physicochemical properties or the incorporation of specific advanced functions by 

physical or chemical methods. However, there is still a considerably difficult challenge 

in endowing the textiles with desired functionalities or microstructures while keeping 

their unique fiber texture features and inherent properties. In this research, inspired by 

the surface buckling of finger joint skin, a new kind of hierarchically buckled porous 

microstructured textiles (HBPMTs) has been delicately designed and fabricated using 

stretchable elastic textiles and polymer brick materials, by a unique strategy involving 

a modified breath figure (BF) method. BF is a unique self-assembly strategy in which 

water droplet arrays are used as templates for the assembly of polymer brick materials 

to generate hierarchically porous microstructures on different substrates with tunable 

sizes in the range from hundreds of nanometers to dozens of micrometers. 

The first study introduces a novel fabrication strategy for hierarchically buckled 
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porous microstructured fibers (HBPMFs), inspired by the surface buckling of finger 

joint skin. By using a combination of material system manipulation, interfacial self-

assembly, stretching-releasing control, and thermal annealing, the research 

demonstrates the development of fibers with skin-like buckling and stretchable porous 

microarchitectures. These HBPMFs exhibit enhanced stretchability, increased specific 

surface area, and the ability to incorporate functional nanomaterials effectively. 

Application demonstrations, such as photocatalytic degradation of organic pollutants 

using TiO₂-integrated HBPMFs, highlight significantly improved performance 

compared to conventional fiber materials. This work provides an efficient approach for 

designing advanced functional fibers with customizable features for wearable and 

environmental applications. 

The second study proposes an innovative development of hierarchically buckled 

porous microstructured fabrics (HBPMFs) tailored for energy harvesting and self-

powered sensing applications. Utilizing a surface self-assembly approach, HBPMFs 

were fabricated from commercially available elastic fabrics, incorporating a 

combination of unique microarchitectural designs and functional nanoparticles such as 

TiO₂, BaTiO₃, and Ag. The research demonstrates the significant enhancement of 

triboelectric nanogenerators in terms of structural stability, stretchability, and electrical 

outputs, with Ag NPs-doped HBPMFs-TENGs exhibiting voltage, current, and charge 
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enhancements of 4, 3, and 6 times respectively over the HBPMFs-TENGs. Moreover, 

Ag NPs-doped HBPMFs-TENGs effectively powered wearable electronics and acted 

as self-powered sensors capable of detecting fine motions, such as breathing and joint 

movements, illustrating their potential for integration into smart wearables and 

healthcare monitoring systems. 

The third study explores an advanced modification of carbon fibers through a core-

spun yarn structure, where elastic fibers serve as the core wrapped by carbon fibers, 

creating a composite material with enhanced flexibility and mechanical properties. 

Utilizing the high-humidity breath figure (BF) fabrication method, the core-spun yarn 

carbon fibers are processed into hierarchically buckled porous structures (HBPFSs) and 

coated with nickel-cobalt layered double hydroxide (NiCo-LDH) nanostructures via 

hydrothermal treatment. This approach yields stretchable supercapacitors with 

excellent mechanical resilience and electrochemical performance. Even under 

significant tensile strain, the devices maintain robust energy storage capabilities, 

showcasing the potential of integrating core-spun yarn processing with hierarchical 

structural design for next-generation flexible and stretchable energy storage systems, 

particularly in wearable electronics and smart textiles. 

The fourth study presents a new approach to develop highly flexible and efficient 

energy storage systems for wearable electronics. By employing a novel fabrication 
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method, carbon nanotube (CNT) and styrene-butadiene-styrene (SBS) composites are 

processed into hierarchically buckled porous structureson knitted carbon fabrics under 

high-humidity conditions. This structure enables uniform hydrothermal growth of 

nickel-cobalt layered double hydroxide (NiCo-LDH) nanostructures, achieving an 

optimized balance between mechanical flexibility and electrochemical performance. 

The device of stretchable supercapacitors retains 94% of their capacitance under 80% 

tensile strain and demonstrates excellent durability with only 8% degradation over 

20,000 charge-discharge cycles, with a maximum specific capacitance of 4948 mF cm⁻² 

at 2 mA cm⁻² and an energy density of 801.6 µWh cm⁻². Its application potential is 

further demonstrated by powering wearable electronics under dynamic deformation 

conditions, making it a strong candidate for next-generation smart textiles and wearable 

technologies. 

This comprehensive research highlights the remarkable versatility of hierarchically 

buckled porous microstructured textiles and their associated functionalized systems. 

The innovative methodologies and advanced designs outlined across these studies 

demonstrate significant improvements in mechanical resilience, energy harvesting, 

sensing, and energy storage capabilities. Thus, the findings provide promising 

pathways for the development of next-generation textile-based wearables, offering 

transformative potential for applications in healthcare, environmental monitoring, and 



 V 

smart electronic systems. 
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Chapter 1 Introduction 

1.1 Background 

The body of human beings is a perfect marvelous organic machine. Taking human 

skin as an example, it is three-dimensional complex, soft, extensible (3-55% strain) and 

multifunctional (such as regulating temperature, moisture, pressure via perspiration)1,2. 

It is also the first barrier to infection from environment to guard the underlying muscles, 

bones, etc. When the dynamic framework of bones (i.e. skeleton) are in movement, the 

soft and flexible human skin can not only keep perfectly conformable with small 

deformation, but also can easily cope with the large deformation caused by the 

bending/stretching of joint parts through the generation of surface buckling. 

In recent years, wearable electronics have been actively employed in sports, 

healthcare and entertainment, but they usually emerged as some special accessories 

using flexible and/or light supporters to integrate with rigid miniaturized electronics, 

such as watches, wrist bands and glasses. Development of truly wearable electronics 

with desired functional performance, uncompromised safety, and good wearing 

comfort is a common goal of scholars and professionals from a diverse background of 

fields3–6. One key challenge is to develop a kind of flexible materials that can integrate 

both advanced functions and common cloth advantages (i.e. conformable, breathable, 

stretchable, etc.). Existed materials for wearable electronics usually possess excellent 
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desired functions and/or some good mechanical properties. The reported approaches 

for such kinds of advanced functional materials involve complex fractal design of thin 

metal ribbons on elastomer substrates7–9, intrinsically stretchable semiconducting 

polymer synthesis10,11 and the wrapping of specific nanomaterials (e.g. carbon 

nanotube sheets) on elastomer filaments12. These creative works are highly valuable 

and inspired, and their mechanical performance is also getting closer to some 

requirements of truly wearable applications. In fact, the most successful and mature 

materials for truly wearable applications are textiles. They have been broadly used to 

fabricate garments and accessories for thousands of years, which can be regarded as 

the second skin for human beings. However, the main functions of conventional textile 

materials still remain in physical protection, passive thermal management and fashion, 

which can no longer satisfy the urgent and quick demands of smart wearable electronics. 

Benefiting from the breakthroughs in functional polymers and nanomaterials, textile 

materials can be directly used as substrates or supporters for a kind of advanced 

functional textile-based composites that can sense, actuate, regulate temperature, 

change color, convert and store energy by surface modification and conventional 

coating13–16. Unfortunately, the inherent advantages of textiles (such as air-permeability, 

stretchability, conformability and even flexibility) for truly wearable comfort are often 

sacrificed or totally lost, because such kind of textile-based composites usually has a 
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solid, rigid and/or thin layer of composites. In addition, the final functional 

performance is usually far below that of employed nanomaterials because most of them 

are fully embedded in the formed solid layer/matrix17,18. 

Inspired by human skin that is multifunctional, soft, breathable and highly 

stretchable via the generation of surface buckling, this research study aims to design 

and study a new kind of hierarchically buckled porous microstructured textiles 

(HBPMTs) by rational surface design and engineering of stretchable textile substrates 

(such as elastic fibers and fabrics) with hierarchically buckled and porous 

microarchitectures using desired brick materials (such as frequently-used polymers and 

functional nanomaterials). Owing to the special design and construction of brick 

materials as buckled porous architectures along the surface of textile substrates, the 

resultant HBPMTs are expected to introduce the advanced functions of functional 

materials and meanwhile maintain the inherent advantages of textile substrates such as 

flexibility, air-permeability and stretchability. Moreover, the porous structures 

hierarchically contouring to the textile surface at the microscale will also establish a 

micro-bridge connecting macroscopic fibers and functional nanomaterials, which 

possesses flexible and versatile designability for rational incorporation of 

nanocomponents with more exposed surface area for higher performance. Such kind of 

HBPMTs can achieve both advanced functions with high performance and 
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indispensable wearable comfort requirements for a kind of truly wearable systems with 

customized advanced functions. 

1.2 Research Objectives 

This research study aims at developing a new kind of multifunctional HBPMFs 

that are not only able to take better advantages of flexibility and stretchability of fiber 

materials and porosity of buckled microarchitectures, but also possess the customizable 

functionalities of the incorporated functional nanocomponents. The detailed research 

objectives are as follows: 

1. to develop a new kind of hierarchically buckled porous microstructured 

textiles (HBPMTs) with flexible, stretchable characteristics by mimicking 

human skin; 

2. to develop a general physicochemical strategy consisted of mechanical control, 

selective swelling, interfacial self-assembly and thermal annealing for 

hierarchically buckled surface engineering of textile material substrates; 

3. to carry out a systematic study on various influential parameters on the 

formation and properties of hierarchically buckled porous microstructures; 

4. to study, evaluate and characterize the performance of the developed HBPMTs, 

and to incorporate functional materials into the HBPMTs for further 

applications. 

1.3 Research Methodology 

 In accordance with the research objectives mentioned above, this research study 
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focuses on design and study a new kind of hierarchically buckled porous 

microstructured textiles (HBPMTs) by rational surface design and engineering of 

stretchable textile substrates (such as elastic fibers and fabrics) with hierarchically 

buckled and porous microarchitectures using desired brick materials (such as 

frequently-used polymers and functional nanomaterials). The strategies being adopted 

in this research are listed below: 

1.3.1 HBPMTs Design 

Elastic 1D materials (such as rubber and polyurethane fibers) and fabric materials 

(such as rubber or polyurethane fibers-blended knitted fabrics) will be used as textile 

substrates. The thermoplastic elastomers such as PS-block-polybutadiene-block-PS 

(SBS) will be used as polymeric bricks to be dissolved in their good solvents with low 

boiling points such as chloroform (CHCl3) and tetrahydrofuran (THF) for the 

preparation of polymer solutions. The textile substrate will be stretched and held at a 

certain level of tensile strain. The stretched textile substrate will then be immersed in 

the solution for swelling. And the swelling degree can be controlled by adjusting the 

soaking time. Through using solvent to open the cross-linked polymer network by 

swelling, some linear polymeric bricks are expected to penetrate the surface layer of 

textile substrate. Then stretched textile substrate coated with polymer solution will be 

quickly transferred to a high-humidity environment (RH >90%) for the BF process at 
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room temperature. 

The BF technique19 is the unique bottom-up strategy of using nontoxic water 

droplets as soft templates for interfacial self-assembly of brick materials. Taking the 

elastic fiber as example, after soaking in a kind of functional solution (e.g. polymer 

solution such as SBS/CHCl3, or its hybrid suspension containing both polymer solution 

and functional components such as metal nanomaterials, carbon nanotubes, graphene) 

with required time, it will be taken out and quickly transferred into a high-humidity 

environment with RH>90% for BF process. Owing to the low boiling point of solvent, 

it will evaporate quickly and introduce the nuclei and growth of water droplets as 

spherical shapes (owing to high surface energy) on the solution surface by evaporative 

cooling. And the formed water droplets will tend to form hexagonal arrays driven by 

coupled effects of thermocapillary and Marangoni convection. Meanwhile water will 

act as nonsolvent to induce the self-assembly of brick materials at the interfaces 

between the isolated spherical water droplets and solvent. This dynamic BF process is 

one-step and can be regarded as terminated when the phenomenon of gelation or 

solidification occurs. After removal of residual solvents and waters by simple air drying, 

only brick materials (such as SBS, or SBS with functional components) will be left on 

the fiber surface to form a kind of 3D conformal porous microstructured fibers. With a 

similar mechanism, a kind of 3D conformal porous microstructured fabric can also be 
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obtained when using elastic fabrics as substrates. The formation and removal of water 

droplets as well as self-assembly of brick materials are both spontaneous. This BF 

process usually lasts from dozens of seconds to several minutes. Therefore, besides the 

formation of porous microstructures by templating spherical water droplets, the 

penetration of linear chains of polymeric bricks into the surface layer of fibers during 

the swelling process is also expected to be fixed/mapped at the cross-linked network of 

fiber substrates owing to the quick removal of solvent. This will contribute to the 

enhancement of interfacial strength between functional layers of brick materials and 

elastic textile substrates. Combined with the choice of thermoplastic elastomer (SBS), 

therefore, the formed 3D conformal porous microstructural (3CPM) layer is expected 

to be still well-maintained by thermal annealing and controllable releasing for 

generation of buckling/wrinkles owing to the recovery of elastic substrates. The 

thermal annealing temperature will be controlled with the glass transition temperature 

(Tg) of polymeric bricks as reference to increase the elasticity of 3CPM layer and 

maintain its porous microstructures. The releasing rate will be carefully controlled by 

observing the surface rupturing phenomenon. This will lead to form a new kind of 

hierarchically buckled porous microstructured textiles (HBPMTs) or hybrid HBPMTs 

(i.e. with incorporation of functional components) with flexible, porous and stretchable 

characteristics by mimicking human skin. 
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1.3.2 Fundamental Studies of HBPMTs 

1.3.2.1 Material Matrix and Fabrication Parameters 

HBPMT is mainly composed of two components of textile and brick materials. 

The former acts as stretchable substrates. Textile substrates with good elasticity such 

as elastic fibers (e.g. rubber and polyurethane fibers) and elastic fabrics (e.g. rubber or 

polyurethane fibers-blended fabrics) will be used. And the latter, such as SBS, and 

metal nanomaterials (e.g. Ag NWs, Cu NWs), carbon nanotubes, graphene and TiO2, 

will be used as brick polymers and functional components, respectively. Low boiling 

point solvents such as THF and CHCl3 will be used to disperse desired brick materials 

with adjustable concentration for the BF process. The used solvent shall not dissolve 

and can swell the fiber materials of textile substrates. The influential factors that may 

affect the architectures, properties and performance of HBPMTs will also be studied. 

The pre-stretched ratio plays a key role on the final stretchable degree of HBPMTs. The 

soaking time is expected to control the swelling degree of textile substrates for the 

penetration of polymeric bricks to adjust the interfacial bonding strength. The BF 

conditions will be fixed at room temperature with the relative humidity >90%, because 

based on our experience, this will contribute to nucleation, growth and self-assemble 

of water droplets for templating self-assembly of brick materials to form porous 

microstructures. Thermal annealing temperature and releasing rate are also two keys to 
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form surface buckling of HBPMTs with no ruptures. The annealing temperature should 

be close to the Tg of used polymeric bricks, which can endow the polymeric layer with 

some crinkly mobility, but meanwhile maintain the porous microstructures of 

polymeric layer. And the releasing rate shall be matched with the mobility of polymeric 

layers, which shall not be too quick otherwise would result in the interfacial debonding 

or rupture phenomena. 

1.3.2.2 Experimental Design and Optimization of HBPMTs 

This proposed study covers the choice of textile substrate, polymer material, 

functional component, preparation of solution, and fabrication parameters design of 

HBPMTs. There are various factors that may influence the performance of HBPMTs, 

including materials (i.e. textile substrates, polymer and functional materials), pre-

stretched parameters (i.e. stretched ratio and stretched direction), BF condition (i.e. 

solvent type, solution concentration and soaking time), and post-treatment condition 

(i.e. thermal annealing temperature and releasing rate). Their relationships with the 

properties of HBPMTs will be carefully and systematically studied and analyzed. 

Considering the complexity of study caused by many kinds of materials and influential 

factors, a experimental design will be proposed for a more feasible and effective 

investigation. It will first focus on the influence of materials on the porous 

microstructure formations of stretched 3D conformal porous microstructured textiles 
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(3CPMTs). Then, the influence of various processing parameters, including pre-

stretched parameters, BF and post-treatment conditions, will be investigated on the 

formation and properties of HBPMTs. Porosity and buckling size are two important 

structural parameters of HBPMTs that will be carefully measured and characterized. 

Besides, physical and mechanical properties involving stretchability, air permeability, 

and interfacial boding strength will also be measured and evaluated, as they are 

important to the performance and properties of HBPMTs.  

1.3.3 Application Studies 

Owing to rational structural design with buckled porous microarchitectures, 

HBPMTs are expected to have greatly improved functional and structural performance 

with well-maintained stretchable and air-permeable performance of textile substrates. 

And their properties and functions can be adjusted using different polymeric and 

functional bricks for different target applications.  

1.3.3.1 Photocatalysis and Environmental Applications 

HBPMTs are developed into functional fibers loaded with TiO₂ nanoparticles, 

showcasing enhanced photocatalytic degradation of organic pollutants. The 

hierarchically buckled and porous structure provided an increased surface area and 

efficient light absorption, significantly improving the degradation of methylene blue 

(MB) and neutral red (NR). This application highlights the potential of HBPMTs in 
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environmental remediation technologies, particularly in textile-based photocatalytic 

systems. 

1.3.3.2 Energy Harvesting and Self-Powered Sensing 

HBPMFs are integrated into triboelectric nanogenerators (TENGs) for wearable 

energy harvesting. Incorporating nanoparticles such as TiO₂, BaTiO₃, and Ag into the 

HBPMFs further enhanced their triboelectric performance.	Demonstrative applications 

included wearable sensors for detecting human motions such as breathing, joint 

movements, and walking modes. These results underline the potential of HBPMFs in 

self-powered healthcare monitoring and wearable electronics. 

1.3.3.3 Advanced Composite Supercapacitors 

By combining hierarchically buckled porous structures with advanced 

nanomaterials like NiCo-LDH and CNT composites, HBPMTs will achieve both 

superior electrochemical performance and mechanical flexibility. These materials will 

be designed to maintain stability and functionality under dynamic mechanical 

deformation, paving the way for their integration into next-generation smart textiles 

and adaptive energy storage devices. 

These studies will establish HBPMTs as versatile and transformative materials, 

addressing critical challenges in environmental sustainability, wearable technologies, 

and flexible energy systems, thus contributing to a more sustainable and connected 
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future. 

1.3.4 Testing, Evaluation and Characterization of HBPMTs 

The physicochemical properties of brick materials, chemicals and textile 

substrates, suchmechanical properties of substrates, will be determined (or tested). And 

the experimental conditions involving humidity and temperature for BF process will be 

measured and monitored by the hygrometer and thermometer, respectively. Structural 

characterization of textile substrates, 3CPMTs and HBPMTs such as pore size, pore 

regularity, and functional component distributions, porosity, buckling size and cross-

section will be systematically conducted by the combination of optical microscopy and 

scanning electron microscope (SEM). Their mechanical properties like stretchability 

and elastic modulus will be tested by tensile testers. Their interfacial bonding strength 

will be evaluated, while their air permeabilities under different stretching states will be 

also measured by air-permeability tester. The component analysis for polymers, 

functional components and their 3CPMTs and HBPMTs will be based on the combined 

use of Fourier Transform Infrared Spectroscopy (FTIR), Energy-dispersive X-ray 

spectroscopy (EDX) and/or X-ray photoelectron spectroscopy. Moreover, the electrical 

performances of TENG under different applied forces, frequencies and different sample 

tensile ratios were evaluated by a button/key durability life test machineequipped with 

a high-speed self-configuring digital indicator. The open-circuit voltage, short-circuit 
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current, and short-circuit charge transfer were recorded by an electrometer. The 

electrochemical properties of HBPMTs with energy storage functions will be measured 

by using cyclic voltammetry, galvanostatic charge/discharge, and AC electric 

impedance techniques with an electrochemical workstation. These structural and 

functional performance of HBPMTs energy storage devices will also be analysed and 

evaluated comprehensively by comparing to those of control composite samples 

without buckled porous microarchitectures. 
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1.4 Research Significance and Values 

The preparation of highly ordered pores using the BF method is an example of 

humans devising a technique inspired by nature. The seemingly simple process endows 

the resultant substrate with both an ordered surface structure and patterned distributions 

of functional groups on the surface, which provides more opportunities to further 

modify and functionalize the substrate, thus broadening their applications. This 

technique has now made a large impact in the area of materials and has created a general 

interest that has extended to a large scientific community at the frontiers of chemistry, 

physics, biology, and medicine. 

Therefore, developing new manipulation methods is essential in future research. 

Inspired by human skin that is multifunctional, soft, breathable and highly stretchable 

via the generation of surface buckling, this project aims to design and study a new kind 

of hierarchically buckled porous microstructured textiles (HBPMTs) by rational surface 

design and engineering of stretchable textile substrates with hierarchically buckled and 

porous microarchitectures using common brick materials. In this research, we explored 

to fabricate novel fibers/textiles that maintain high interfacial activities of incorporated 

functional materials for a kind of stretchable smart wearables with high performance. 

The innovative methodologies and advanced designs outlined across these studies 

demonstrate significant improvements in mechanical resilience, energy harvesting, 

sensing, and energy storage capabilities. The findings provide promising pathways for 

the development of next-generation textile-based wearables, offering transformative 

potential for applications in healthcare, environmental monitoring, and smart electronic 
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systems. 

1.5 Outline of the Report 

1.5.1 Chapter 1: Introduction 

This chapter introduces the background and significance of the research, which 

draws inspiration from the hierarchical buckling of human skin to design and develop 

innovative hierarchically buckled porous microstructured textiles (HBPMTs), outlining 

the objectives, methodology, and potential applications of the study in the context of 

wearable electronics and smart textiles. 

1.5.2 Chapter 2: Literature Review  

A comprehensive review of existing studies on surface engineering of textile 

substrates, hierarchically buckled structures, and porous microarchitectures is presented; 

the chapter emphasizes the advantages and limitations of current approaches, identifies 

critical research gaps, and establishes the rationale for the development of HBPMTs. 

1.5.3 Chapter 3: Skin-inspired Hierarchically Buckled Fibers 

This chapter describes the innovative design and fabrication methods for 

hierarchically buckled porous microstructured fibers (HBPMFs), focusing on the 

influence of material systems, pre-stretching conditions, and solution concentrations on 

structural and functional performance, with a particular emphasis on photocatalytic 

applications. 
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1.5.4 Chapter 4: HBPMFs in Energy Harvesting and Sensing 

The design and development of HBPMFs integrated with functional nanoparticles 

for energy harvesting and self-powered sensing applications are discussed, highlighting 

their enhanced triboelectric performance and versatility in powering wearable devices 

and monitoring fine motions like breathing. 

1.5.5 Chapter 5: HBPFSs for Supercapacitors 

This chapter focuses on the development of hierarchically buckled porous structure 

fabrics (HBPFSs) with incorporation of NiCo-LDH nanostructures through 

hydrothermal treatment. These materials exhibit excellent stretchability, mechanical 

resilience, and energy storage performance, demonstrating their suitability for flexible 

and wearable supercapacitors. 

1.5.6 Chapter 6: NiCo-LDH@CNTaSBSb@F for Supercapacitors 

This chapter investigates the development of NiCo-LDH@CNTaSBSb@F 

composites, where hierarchically porous structures are achieved by combining carbon 

nanotubes (CNTs), styrene-butadiene-styrene (SBS), and nickel-cobalt layered double 

hydroxides (NiCo-LDH). The integration of NiCo-LDH nanostructures enhances the 

electrochemical performance, achieving high specific capacitance, excellent energy 

density, and remarkable durability. These composites exhibit exceptional mechanical 

flexibility and stability under tensile strain, making them highly suitable for wearable 

and adaptive energy storage devices in next-generation smart textiles. 
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1.5.7 Chapter 7: Conclusions and Recommendations 

This final chapter summarizes the key findings of the research, emphasizing the 

transformative potential of HBPMTs in wearable and environmental applications, while 

recommending future work on scalability, multifunctionality, and sustainable 

manufacturing, alongside the use of AI for material design and optimization. 
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Chapter 2 Literature Review 

2.1 Surface Engineering of Textile Substrates 

Surface engineering of textile substrates is critical for enhancing their functionality, 

enabling their use in diverse applications such as wearable electronics, energy 

harvesting, and healthcare. Native textiles, while offering flexibility, breathability, and 

lightweight properties, often lack advanced functionalities such as conductivity, 

stretchability, or dynamic responsiveness. This gap is addressed through surface 

engineering, which tailors the material's surface properties without compromising its 

inherent mechanical and structural features. 

2.1.1 Conventional Surface Engineering Approaches 

Conventional surface engineering approaches have played a foundational role in 

enhancing material properties, enabling applications across various industries such as 

aerospace, healthcare, and flexible electronics. These methods, including coating, 

plasma treatment, and chemical functionalization, have been widely used, remain 

widely used due to their adaptability and proven effectiveness in specific contexts. This 

section explores these established techniques, highlighting their strengths, limitations, 

and relevance to modern material applications. 

Surface coating technology 

Surface coating technology plays a pivotal role in enhancing material performance 

and broadening its application scope. By introducing modified coatings, it improves 

material durability, functionality, and adaptability. Despite significant advancements, 
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this field still faces persistent challenges and debates. Chemical vapor deposition 

(CVD), recognized for its superior high-temperature and oxidation resistance, is often 

regarded as the preferred method for high-performance coatings. However, its industrial 

adoption is hindered by high equipment costs, complex processes, and significant 

energy consumption. Traditional methods, such as spraying and dip coating, are lauded 

for their simplicity and low cost but often suffer from issues of insufficient coating 

uniformity and adhesion, particularly in demanding applications. Meanwhile, high-

precision techniques like thin film deposition and layer-by-layer (LbL) coatings 

demonstrate remarkable potential in flexible electronics and medical devices due to 

their versatility and precise control. However, these methods face challenges such as 

intricate workflows and environmental sensitivity. Furthermore, thermal expansion 

mismatches between different coating materials can lead to cracks and interface failures, 

while solvent-based traditional coatings pose environmental concerns. Addressing 

these issues is critical for furthering the adoption and impact of coating technologies. 

A comparison of studies reveals significant variations in coating technologies 

regarding performance optimization and application domains. Nicholls et al.20 

highlighted the application of CVD in gas turbine coatings, demonstrating its 

exceptional high-temperature and oxidation resistance. However, they noted its 

limitations in terms of high costs and process complexity. Baruwa et al.21 explored 

spraying and dip coating technologies, identifying their suitability for large-scale 

industrial applications while emphasizing the need for improved coating adhesion and 

uniformity. Voyer and Boulos et al. 22 emphasized the advantages of thermal spray 
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technology, particularly its high adhesion and wear resistance, though they 

acknowledged its limited scope of application. Butt et al. 23and Rasool et al. 24 focused 

on thin film deposition and nanocoatings, respectively. Thin film deposition was praised 

for its multifunctionality in flexible electronics and medical applications, while 

nanocoatings demonstrated exceptional surface area and unique functionalities, 

showing promise in nanotechnology and electronic devices. Nevertheless, both 

techniques face challenges related to process complexity and thermal mismatch. 

Collectively, these studies provide a solid theoretical and practical foundation for 

advancing coating technologies. However, significant breakthroughs are required in 

simplifying processes, reducing costs, and enhancing environmental sustainability. 

Future research should prioritize the development of coating methods that balance high 

performance with ecological considerations, addressing challenges such as versatility, 

adhesion, and thermal mismatch. These advancements will be crucial for expanding the 

adoption of coating technologies across industries, energy systems, and healthcare 

applications. 

Plasma Treatments 

Alters surface energy to enhance adhesion or introduce functional groups. While 

effective, it struggles with uniform treatment across complex textile geometries. Plasma 

is referred to as the fourth state of matter, primarily composed of a collection of atoms, 

molecules, electrons, free radicals, and various active groups. Plasma surface 

modification technology, also known as ion bombardment diffusion modification 

technology or impact diffusion modification technology, generally refers to the process 
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of obtaining plasma through glow discharge in a specific atmosphere below 0.1 MPa, 

and using the plasma to bombard and treat the surface of materials to achieve surface 

modification. Based on the particle temperature of the plasma, plasma modification 

technology is generally divided into high-temperature plasma modification technology 

and low-temperature plasma modification technology, with the latter commonly used 

for surface modification of materials. Low-temperature plasma can be generated at 

atmospheric or low pressure, with relatively low energy, only a few tens of electron 

volts. In contrast, the bond energy of the surface molecules of the polymer material to 

be modified is only a few to several tens of electron volts. Using isothermal plasma 

treatment can completely break the organic macromolecular chains on the surface of 

the polymer material (usually a few to several tens of nanometers) without affecting the 

performance of the material's matrix. Using isothermal plasma treatment, the surface of 

the modified material will undergo multiple chemical and physical changes, such as 

forming a dense cross-linked layer, becoming roughened due to etching, or introducing 

oxygen-containing polar groups, thereby improving adhesion, hydrophilicity, 

biocompatibility, dyeability, and optoelectronic properties. Moreover, the plasma 

treatment technology, with its advantages of simple operation, environmental 

friendliness, energy efficiency, and high efficiency, has been widely used in the field of 

material surface treatment. 

As early as 1989 25, continuous treatment with cold plasma significantly improved 

the interfacial shear strength of carbon fiber reinforced epoxy composites (from about 

60 MPa to 100 MPa) by introducing functional groups such as hydroxyl groups, 
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increasing surface roughness and wettability, while maintaining the carbon fiber 

strength essentially unchanged, demonstrating advantages of simplicity, environmental 

friendliness, and potential for engineering applications. Cho et al. 26 explores the impact 

of plasma surface treatment on the mechanical properties of multi-scale hybrid 

composites (polycarbonate/carbon nanotubes/carbon fibers, PC/CNT/CF).The study 

shows that plasma treatment significantly improves the interfacial bonding 

performance between fibers and matrix by increasing the surface roughness of carbon 

fibers and introducing functional groups. After optimization, the storage modulus of the 

composite material increased to 39 GPa (a growth of 387%), and the energy absorption 

capacity reached 5.3 J (a growth of 194%). This indicates that the combination of 

plasma treatment and carbon nanotube hybrid reinforcement has a significant 

synergistic effect. Moreover, Lee et al. 27 studied the enhancement of interfacial affinity 

and mechanical properties of carbon fiber reinforced polymer composites (CFRP) 

through oxygen and nitrogen plasma-assisted mechanochemistry (PMC) treatment. By 

introducing functional groups (such as hydroxyl and amino groups) on the surface of 

carbon fibers and carbon nanotubes, the interfacial bonding was significantly enhanced, 

resulting in an increase in tensile strength (20%) and Young's modulus (31%). PMC 

technology is environmentally friendly and efficient, suitable for industrial-scale 

production of high-performance composite materials. 

Chemical Functionalization 

Surface modification of textile fibers plays a crucial role in advancing materials 

science and engineering, particularly in improving the physical, chemical, and 
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functional properties of fibers. Graft modification technology, which introduces 

specific functional groups onto fiber surfaces, has become a widely adopted method 

due to its versatility and efficiency. Functional groups such as carboxyl and amino 

groups can enhance hydrophilicity and adhesion, respectively, while acrylamide 

promotes surface reactivity. Despite its potential, graft modification technology still 

faces critical challenges in industrial application, including technical complexity, 

environmental sustainability, and achieving multifunctional optimization. 

Graft modification introduces functional groups onto fiber surfaces through 

chemical or physical methods, altering their surface properties to meet specific 

performance requirements. Techniques such as free radical polymerization, ultraviolet 

irradiation, and plasma treatment are commonly employed to generate active sites for 

functional molecule attachment. Recent advancements in nanotechnology have further 

improved the accuracy and efficiency of grafting processes, paving the way for 

applications in smart textiles, medical materials, and high-performance composites. 

Existing research demonstrates the diverse applications of graft modification 

technology. Chen et al. 28 developed graft copolymerized cotton fabrics with improved 

antibacterial properties, addressing hygiene and medical applications. Amin et al. 29 

demonstrated the successful grafting of chitosan onto wool fibers, significantly 

enhancing flame retardancy, making it suitable for high-security textiles. He et al. 30 

improved the hydrophilicity of polyester fibers through grafting, catering to the 

demands of functional textiles. Tian et al. 31 explored chemical grafting to improve the 

adhesion of polypropylene fibers to maleic anhydride, showing promising results for 
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composite materials. Nayak et al. 32 highlighted the importance of green chemistry in 

graft modification of flax fibers, emphasizing sustainability. Collectively, these studies 

underscore the versatility of graft modification across different fibers and application 

areas, showcasing its broad potential. However, significant challenges and 

controversies remain. First, the technical complexity of many grafting methods, 

requiring complex reaction conditions and expensive equipment, limits scalability. 

Second, the environmental impact of some grafting processes, particularly those 

involving solvents or toxic reagents, raises sustainability concerns, necessitating the 

development of greener alternatives. Third, optimizing multiple properties 

simultaneously remains difficult; for instance, enhancing hydrophilicity might 

compromise mechanical strength. Lastly, achieving material compatibility in composite 

applications is still a technical bottleneck, as the interfacial stability and durability of 

grafted fibers require further improvement. 

Graft modification technology offers vast potential for enhancing textile fiber 

properties and broadening their applications. However, its industrial adoption requires 

overcoming challenges related to process complexity, environmental impact, and 

multifunctional balance. Future research should focus on simplifying and greening 

grafting processes, developing solvent-free methods, and leveraging artificial 

intelligence for material design. Such advancements will enable the broader application 

of graft modification technology in smart textiles, high-performance composites, and 

biomedicine, while also promoting sustainable development in textile materials. 

While conventional surface engineering approaches have proven their value in 
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advancing material technologies, their limitations, such as high costs, environmental 

concerns, and process complexity, underscore the need for continuous innovation. 

Future developments should focus on improving the scalability, efficiency, and 

sustainability of these methods, ensuring their compatibility with emerging applications 

in smart textiles, high-performance composites, and beyond. 

 
Figure 2.1 Conventional surface engineering approaches (a) Overview of thermal spray 
Technologies21. (b) Sequential stages of the sol–gel dip-coating method for thin film 
deposition (c) Roll-coating 23 (d) plasma treatment apparatus for CF surface treatment, 
and vacuum-assisted distillation set-up for CNT/PC/chloroform solution26,(e) 
Schematic illustration of plasma-assisted mechanochemistry processing27, (f) graft 
modification technology28, (g) Schematic of wool fabric co-doped 
with polyaniline (PANI) and chitosan (CTS) through a one step in situ polymerization 
method using carboxylic and hydrochloric acid as the doping acids29. 

2.1.2. Emerging Strategies in Surface Engineering 

Hierarchical Surface Engineering 

Hierarchical surface engineering has emerged as a research hotspot in materials 
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science due to its ability to significantly enhance material performance and diversify 

functionalities. By integrating micro and nanoscale textures, this technology improves 

surface mechanical adaptability, roughness, and adhesion, finding applications in high-

performance coatings, bionic designs, and thermal management systems. Despite 

notable progress, the industrial adoption of hierarchical surface engineering faces 

critical challenges, including preparation complexity, environmental sustainability, and 

achieving multifunctional optimization.  

Hierarchical surface engineering achieves precise control over surface properties 

by combining multi-scale textures, such as micropillars and dome arrays with 

nanopores and nanowires. This integration improves surface area-to-volume ratios and 

interfacial properties, enhancing functionalities such as wettability, adhesion, and 

optical performance. For example, solvent-assisted laser technology was employed to 

construct self-similar micro-nano textures on silicon surfaces, significantly enhancing 

superhydrophilicity and light absorption33. Furthermore, bioinspired designs, 

mimicking natural structures, have expanded applications by enabling properties such 

as superhydrophobicity and efficient heat transfer34. In terms of preparation technology, 

He al et. proposed an efficient and versatile preparation method to achieve 

superhydrophobic properties on a variety of substrates by building hierarchical 

textures35. Stratakis al et. summarized the key role of laser technology in regulating 

wettability and optical properties34. Furthermore, in the field of functionalized 

applications, Zhang al et. demonstrated the possibility of constructing micro-nano 

textures on the aluminum surface to significantly improve heat transfer efficiency, while 
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Chung al et. achieved a higher surface through the combination of micro-domes and 

nanopores hydrophobicity 36,37. 

Despite its potential, hierarchical surface engineering still faces significant hurdles. 

Preparation complexity remains a critical bottleneck, as advanced methods like two-

photon polymerization and laser etching require sophisticated equipment and costly 

processes, limiting scalability. Multifunctional optimization presents another challenge; 

for example, achieving high hydrophobicity or light absorption often compromises 

mechanical strength or durability 38. Additionally, environmental concerns arise from 

certain processes involving high energy consumption or toxic reagents, necessitating 

the development of greener and more sustainable manufacturing solutions 39.	

Addressing these challenges is vital for the broader adoption of this technology. 

Hierarchical surface engineering has demonstrated significant potential in 

optimizing material properties and diversifying functionalities through the integration 

of micron- and nanoscale structures. From efficient preparation methods to bioinspired 

designs and advanced functional applications, recent studies have provided strong 

theoretical and practical support for this field. However, future research should 

prioritize the greening and scalability of these technologies by developing eco-friendly 

and cost-effective preparation methods. Incorporating artificial intelligence for 

optimized design and leveraging emerging green technologies could further drive the 

industrialization of hierarchical surface engineering, enabling breakthroughs in smart 

materials, thermal management systems, and high-performance composites. 
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Figure 2.2 Hierarchical Surface Engineering. (a) Schematic sketch of laser micro 
texturing Micro dimple surface , Micro grooved surfaceHybrid surface33, (b) Lotus 
surface and its surface in different magnifications. close-up photograph of the underside 
of a gecko‘s (Gecko gecko) foot as it walks on vertical glass, SEM micrographs of the 
hierarchical structures on the foot of the gecko. Picture of California King Snake and 
SEM-image of the ventral scales of its skin. Picture of Galapagos shark and scale 
patterns on various fast-swimming shark. lizard and its SEM image of dorsal scales34. 
(c) Schematic illustration of the fabrication procedure of the robust superhydrophobic 
surface; (b and c) water droplets are placed on the pristine and laser-treated samples of 
four substrates (quartz glass, stainless steel, silicon slice, and paper)35, (d) Schematic 
illustration of the major fabrication processes of micro/nano hierarchical structure38. 

Dynamic and Stimuli-Responsive Modifications 

Self-healing and stimulus-responsive surfaces have become important 

technological innovations in the field of smart textiles, enabling materials to 

dynamically adapt to changing mechanical and environmental conditions. These 

surfaces are capable of repairing damage or changing properties in response to external 

stimuli such as temperature, pH or mechanical stress, expanding the range of textile 

applications in wearable technology, medical fabrics and adaptive clothing. In recent 
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years, research into stimuli-responsive polymers, hydrogels, and nanostructured 

coatings has made significant progress, significantly enhancing the durability and 

versatility of materials. However, this area still faces key challenges such as large-scale 

production, environmental sustainability and long-term durability, and more in-depth 

research and technological innovation are urgently needed to realize its full potential. 

These strategies represent a shift towards multifunctional and adaptive textile surfaces. 

However, integrating hierarchical and porous structures into textiles remains a 

significant opportunity for innovation40,41. 

 The functionality of self-healing and stimuli-responsive surfaces relies on advanced 

materials, such as functional polymers, hydrogels, and nanocomposites, which are able 

to physically or chemically respond to external stimuli. For example, shape memory 

polymers and hydrogels can repair physical damage or adjust their structure to adapt to 

environmental changes. Shape memory polymer fibers have been used in biomedical 

scaffolds and sensors to enhance the adaptability of smart textiles42. Chen al et. have 

shown that solvent-assisted hydrogels have been integrated into textiles to create 

adaptive surfaces that can self-heal and enhance adhesion properties, especially under 

complex mechanical conditions. Hydrogels with antifreeze, self-healing and 

underwater adhesion capabilities have become an important component of wearable 

electronic devices, showing enhanced durability under extreme environmental 

conditions43. In addition, The integration of conductive polymers such as PEDOT:PSS 

has also made stretchable, flexible and self-healing materials possible in advanced 

applications such as electronic skin and adaptive clothing. Technological advances such 
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as luminescent coatings and ion-conducting organic hydrogels have further expanded 

the application of these materials in wearable electronic devices and adaptive clothing, 

providing robust solutions for durability and flexibility44,45. 

Despite these encouraging developments, the field of self-healing and stimulus-

responsive textiles still faces significant challenges. First, large-scale production of 

these materials faces difficulties because many involve complex and expensive 

synthesis processes, limiting industrial applications42. In addition, there are still 

uncertainties about the long-term durability of these materials under real mechanical 

and environmental stresses, and many systems can only perform well under controlled 

conditions43. Environmental sustainability is also a pressing issue, as some self-healing 

materials involve non-degradable components or energy-intensive production methods, 

which requires the development of greener and more cost-effective alternatives44. 

Taken together, self-healing and stimulus-responsive surfaces offer great potential 

for the transformation of smart textiles, which can provide adaptable, durable and 

versatile solutions for wearable technology, medical fabrics and other fields. While 

recent research has provided the field with a solid theoretical and practical foundation, 

challenges related to scaled production, durability, and sustainability must be addressed 

to unlock its full industrial potential. Future research should focus on developing 

environmentally friendly, highly durable self-healing materials while incorporating AI-

assisted material design and nanotechnology to further enhance the adaptability and 

performance of smart textiles. 
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Figure 2.3 （a）Shape recovery process of shape memory polymer fibers exposed upon 
water stimuli conditions.  schematic illustration of the coating morphology and the 
shape memory assisted self-healing concept40.(b) preparation process of luminescent 
and hydrophobic textile coatings with reversible networks comprising of Diels-Alder 
reactions. (c) SEM images of cotton cloth (CC), filter paper (FP), and chemical fabric 
(CF) before and after coating. Photos of droplets of distilled water on pieces of colored 
CFs before and after coating41. (d) Schematic for the formation of PANI/GO hybrid 
hydrogels42. (e) Physical approaches toward stretchable PEDOT. Fabrication scheme 
for stretchable PEDOT:PSS on PDMS by buckling and optical microscopy image of 
buckled PEDOT:PSS on PDMS, and PUR-encapsulated solar cell with PEDOT:PSS 
electrodes45. 

2.2 Hierarchically Buckled Structures 

2.2.1. Definition and Formation Mechanisms 

Hierarchically buckled structures (HBS) have become a research hotspot in the field of 

materials science in recent years due to their important role in multifunctional surface 

design, flexible electronic devices and adaptive systems. Such structures exhibit 

dynamic mechanical properties such as reversible deformation and high ductility by 
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forming multiscale patterns through mechanical instabilities such as prestraining, 

compression, or interlayer modulus mismatch. These properties make it have important 

application potential in smart materials, soft robotics and bionics. However, although 

the research on HBS has made significant progress, its formation mechanism and 

industrial application still face many challenges, including complex preparation 

processes and difficulties in functional optimization. 

The formation of HBS relies on mechanical instability, and common mechanisms 

include pre-strain method and modulus mismatch system. In the pre-strain method, a 

controllable wrinkle pattern is formed by applying tensile or compressive stress on the 

substrate and releasing it46,47. The modulus mismatch system naturally produces 

hierarchical wrinkles by introducing differences in mechanical properties in the layered 

material48. These mechanisms can achieve the adjustability of the pattern at the micron 

to nanometer scale, and synergize with external stimuli (such as heat or mechanical 

force) to further enhance its dynamic response performance49,50. At the same time, the 

bionic design method introduces the hierarchical structure in nature into the material 

system, providing new ideas for the design of adjustable adhesion, flexible electronics 

and smart coatings51. 

In recent years, research on HBS has made significant progress in terms of 

formation mechanisms, design methods, and functional applications. Regarding the 

formation mechanism, researchers have analyzed the mechanical basis of material 

hierarchical shrinkage behavior through multi-scale modeling, providing theoretical 

support for the design of high-performance composite materials51,52. For example, a 
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study shown a method to achieve complex wrinkle patterns in films with gradient 

mechanical properties. By controlling the gradient distribution, efficient performance 

optimization of flexible electronic devices was achieved53. In terms of design methods, 

the combination of Kirigami technology and pre-strained planar preparation methods 

makes programmable hierarchical shrinkage structures possible, laying the foundation 

for the development of soft robots and wearable devices46,47. In terms of functional 

applications, research has demonstrated the potential of HBS in flexible electronics54, 

thermally responsive polymer films49 and surface adhesion regulation46, providing 

diversified solutions for the design of smart material systems. 

Despite the significant advantages of HBS, several challenges and controversies 

remain in its preparation and application. The first is the complexity of preparation. 

Many methods rely on precision equipment and complex processes, which restricts the 

feasibility of industrial application. Secondly, function optimization is still a technical 

bottleneck. For example, achieving high ductility may result in the loss of adhesion 

properties, and the realization of multifunctional balance needs further exploration. In 

addition, the formation of some HBS relies on irreversible chemical or mechanical 

processing, making it difficult to adapt to multiple uses in dynamic environments. 

Future research needs to focus on how to improve the environmental adaptability and 

recyclability of materials while simplifying the preparation process. 

The potential of hierarchical buckled structures in smart material systems has been 

widely studied and verified. From the formation mechanism to practical applications, 

various studies have provided theoretical and technical support for high-performance 
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flexible electronic devices, adaptive coatings and soft robots. However, future research 

needs to solve the problem of simplifying complex processes in the industrialization 

process, while exploring the path to achieve green manufacturing and multifunctional 

performance balance. By combining nanotechnology, bionic design and artificial 

intelligence-assisted material design, hierarchical shrinkage structures are expected to 

achieve greater breakthroughs in the fields of smart materials and advanced 

manufacturing. 

 
Figure 2.4 (a)Hierarchical micro- and nanostructures by self-similar wrinkling at high 
strain regimes, sequential strain relief. And sequential nanowrinkling to form out-of-
plane hierarchical structures. (b) Scheme for fabrication processes and resulting 
structural hierarchies with controlled wrinkle orientations. (c) Dynamically stable, 
superhydrophobic substrates after mechanical deformation, partial preservation of 
structural hierarchy after 100% stretching G1–G2–G3 PDMS wrinkles46. (d) Schematic 
illustration of the process for fabricating stretchable single-crystal Si devices on 
elastomeric substrates54. (e)Sequential nanowrinkling of low-dimensional 
nanomaterials, with MoS2 6as a representative example of using sequential wrinkling 
with sacrificial skin layers46. (f) Preparation scheme for gradient wrinkle patterns based 
on wrinkled gradient metal films48. （g）Strategy for thermoresponsive wrinkles and 
soft linear actuators49. (h) Scheme of the fabricating hierarchical surface structure from 
various pre-patterned PDMS films53. 

2.2.2 Functional Advantages of HBS 

 HBS is a multi-scale pattern formed by mechanical instability and has attracted 
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extensive attention in the field of materials science and engineering in recent years. 

HBS exhibits unique mechanical adaptability, dynamic responsiveness and enhanced 

surface area performance, making it of great application value in flexible electronic 

devices, wearable technologies and energy conversion systems. These structures are 

formed through mechanisms such as pre-strain, modulus mismatch and shell shrinkage. 

Their controllability and multifunctionality provide new possibilities for the 

development of smart materials and advanced manufacturing. However, the practical 

application of HBS still faces challenges such as preparation complexity, 

multifunctional optimization and environmental stability. Therefore, it is of great 

significance to sort out the current research progress and the technical bottlenecks it 

faces to promote the further development of HBS. 

 HBS research has made significant progress in functional realization, material design 

and practical applications. In terms of mechanical adaptability, research shows that 

HBS can maintain functional integrity under high strain conditions, which is crucial for 

the development of flexible electronic devices55. Dynamic responsiveness is another 

major feature of HBS. Through precise design, HBS can quickly respond and recover 

under the action of external forces, providing new technical support for flexible sensors 

and adaptive systems54. In addition, the enhanced surface area characteristics of HBS 

have brought new breakthroughs to energy conversion systems. For example, by 

optimizing surface roughness design, the output efficiency of triboelectric 

nanogenerators (TENG) has been significantly improved56. These studies indicate that 

the multifunctional properties of HBS have broad application prospects in the field of 
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smart materials. 

 Hierarchical shrinkage structures have shown great potential in flexible electronics, 

smart sensors, and energy conversion systems through their excellent mechanical 

adaptability, dynamic responsiveness, and enhanced surface area characteristics. From 

pre-strain design to shell shrinkage mechanism, the formation theory and functional 

optimization research of HBS lays the foundation for the future development of high-

performance materials. However, in order to achieve its wide industrial application, 

future research needs to make more efforts in simplifying the preparation process, 

balancing functional performance, and improving environmental stability. In addition, 

combined with bionic design, artificial intelligence-assisted material design, and green 

manufacturing technology, HBS is expected to play a greater role in the fields of smart 

materials and advanced manufacturing. 
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Figure 2.5 (a) Applications of stretchable fiber conductors. Stretchable cables for 
mobile devices (charging cables, earphone cables). (b) application of stretchable fiber 
as a communication cable and heating component in wearable systems. (c) Application 
of stretchable fiber as a communication cable in the smart robots55. (d) Vision for the 
potential applications of the hierarchical metastructures. Energy dissipation through the 
postbuckling and recovering processes due to the friction between the contacted 
elasticas and constraints, and the numerically obtained distribution of the energy 
dissipation ratio between the dissipated and released energies. (e) Illustration of the 
application of the metastructures in damage detection as mechanical sensors that use 
postbuckling response as a buckling threshold56. 

2.2.3 Applications of HBS in Textiles 

 The application of HBS in textile materials has become a hot research topic in recent 

years. Its unique strain adaptability, multifunctionality and bionic properties provide 
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new designs for flexible electronic devices, smart textiles and energy harvesting 

systems. plan. HBS's design inspiration comes mainly from nature, such as the wrinkled 

structure of knuckle skin and the high strength and flexibility of spider silk57,58. Through 

the design of hierarchical microstructure, HBS can maintain the stability of mechanical 

properties under stress environments while significantly improving the functional 

efficiency of electronic and mechanical devices55,59. 

 The research and application of HBS in the textile field mainly focuses on the following 

three aspects. First, wearable devices require materials with high flexibility, strain 

adaptability, and long-term durability. Meng55 et al. significantly improved the 

resistance stability of the conductor under extreme strain conditions by optimizing the 

design of HBS. This research not only expands the application scenarios of HBS in 

wearable sensors, but also provides technical support for the development of smart 

medical devices. Li57 et al. developed highly flexible fibers through bionic design and 

successfully achieved a combination of mechanical adaptability and high-performance 

sensing capabilities. The second is the research on smart textiles and multifunctional 

soft robots, which benefit from the versatility of HBS. Hu60 et al. used thermodynamic 

coupling to achieve the morphological regulation of HBS in flexible materials, thus 

providing a theoretical basis for the performance optimization of smart textiles. At the 

same time, Li61 et al. developed a hydrogel-based humidity-driven actuator, which not 

only has excellent flexibility, but also can adapt to complex usage scenarios, providing 

an important reference for the field of smart actuators and bionic soft robots. The third 

is in the field of energy harvesting. The introduction of HBS significantly optimizes the 
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charge transfer efficiency. Wang59 et al. developed a strain sensor based on 

MXene/carbon nanotubes, whose hierarchical structure effectively improves the 

sensitivity and durability of the device. In addition, in subsequent research, the team 

used dynamic chemical bonding and liquid metal technology to further improve the 

self-healing ability of the sensor and expand its application scope in complex 

environments62. The application of HBS in smart actuators has also made important 

progress. Leng63et al. explored twisted fiber artificial muscles based on HBS, which 

provides new ideas for the development of energy conversion and flexible actuators. 

 Although the research on HBS has made significant progress, its practical application 

still faces many challenges. First, the structural stability of HBS in long-term complex 

environments needs to be further optimized, especially in textile usage scenarios, where 

the fatigue resistance and durability of the material are the keys to restricting its 

application. Secondly, the preparation process of HBS is complex and costly, which 

limits its large-scale production and commercial application. In addition, how to realize 

the functional integration of HBS without sacrificing the softness and durability of 

traditional textile substrates is also an urgent problem to be solved. 

 In summary, HBS provides an important opportunity for the intelligentization and 

functionalization of textile materials due to its excellent mechanical flexibility and 

functional diversity. Future research needs to focus on the optimization of the 

preparation process to achieve low-cost, large-scale production. In addition, the 

exploration of HBS in multifunctional integration should be strengthened, combining 

dynamic chemical bonds with nanocomposite technology to improve its performance 
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stability and adaptability in complex environments. Through interdisciplinary 

collaboration, HBS is expected to be widely used in wearable devices, energy 

harvesting systems and smart textiles, and become the core technology of the next 

generation of smart materials. 
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Figure 2.6 (a)Schematic illustration and characterization of flexible strain sensors and 
Sensing performance of the MXene/CNTs/fluoro-rubber strain sensor in terms of the 
real-time detection of muscle movement and human movement[40]. (b) Schematic 
illustration of the buckling structure for a thin film on a flexible substrate55. (c) 
Schematic illustration of torsional, contractile and elongational deformations realized 
by twisted, homochiral coil and heterochiral coil fibre muscles. And an electrically 
driven gripper used to pick up an object. Locomotive soft robot made of two 
independently controlled coiled heterochiral muscles aligned in parallel, which can 
control the direction of locomotion60.(d) Schematic illustration of actuation mechanism 
driven by moisture. Snapshots of the actuation response when a moist finger was close 
to the actuator. Programmable morphing of the Yin–Yang-interface actuator under high 
and low humidity61.  

2.3 Porous Microarchitectures 

2.3.1. Importance and Role of Porosity 

 The application of porous structures in textiles has gradually become a research hotspot 

in recent years. These structures can not only significantly improve the basic physical 

properties of textiles, such as breathability, softness and comfort, but also give the 

materials more functionalities, such as energy harvesting, moisture management and 

intelligent response. As smart textiles and wearable devices continue to develop, it is 

particularly important to understand and optimize the properties of porous structures. 

Porous structures increase the surface area of a material by creating tiny pores, or voids, 

in the material, thereby enhancing its physical and chemical functionality. First, these 

voids help improve the material's breathability and moisture management capabilities, 

making it more comfortable in wearable devices, which is especially important in sports 

and health monitoring applications. In addition, the porous structure can greatly 

improve the energy collection efficiency of textiles or promote chemical reactions, 

giving them the functions of energy storage, sensing and environmental response (for 

example, energy collection through triboelectric effect). Therefore, the application of 
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porous structures in smart textiles has broad prospects. 

 In the past few years, significant progress has been made in the research and application 

of porous structures in textiles. For example, Piyali et al.64 explored the application of 

porous polymer materials in energy storage and conversion, and pointed out that porous 

structures can significantly improve energy conversion efficiency, especially in 

wearable devices. Ding et al.65 further studied the potential of porous textile materials 

in energy harvesting, especially their application in triboelectric nanogenerators 

(TENGs), and proposed that porous structures can effectively improve energy 

harvesting capabilities. Islam et al.66 discussed the application of porous textiles in 

wearable electronic sensors, emphasizing the role of porous structures in improving 

sensor sensitivity and comfort. Zhao et al.67 discussed porous polymer nanocomposites 

with shape memory functions, and proposed that these materials can dynamically adjust 

their structures according to changes in the external environment, thereby improving 

comfort and adaptability. In addition, Ju et al.68 studied the design of porous composite 

materials, emphasizing their advantages in breathability and comfort, especially for 

sports and medical textiles. Lin et al.69 discussed the application of porous 

nanostructures in health monitoring sensors, demonstrating their potential in improving 

sensor performance. 

 Although the advantages of porous structures in textiles are gradually emerging, they 

still face some challenges in practical applications. First, the production process of 

porous structures is complex, and the control requirements for porosity, structural 

accuracy and distribution are high, which makes large-scale production difficult and 
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costly. Zhang et al.70 pointed out that how to control production costs while ensuring 

the functionality of porous structures is still an urgent problem to be solved. Secondly, 

although porous structures can improve the comfort and functionality of materials, how 

to improve their long-term stability and mechanical properties is still a difficult point 

in research. Porous textiles may experience problems such as pore blockage, structural 

deformation or performance degradation after long-term use. Therefore, how to ensure 

the durability of these materials and maintain their functionality in practical 

applications is one of the core challenges of current research. 

 The importance of porous structure in textiles is reflected in its significant improvement 

in physical properties such as breathability, softness and comfort, as well as its wide 

range of applications in functions such as energy harvesting, moisture management and 

intelligent response. Despite challenges such as production cost and long-term stability, 

future research will focus on how to optimize the performance of porous structures, 

reduce manufacturing costs, and improve the durability of the material to promote its 

practical applications in smart textiles and wearable devices. 



 44 

 
Figure 2.7 (a) Schematic illustration of the fabrication process of graphene-based 
wearable e-textiles66. (b) Preparation of the bacterial cellulose fabrics 
@polyaniline@Ni-Co layered double hydroxide (BC@PANI@NiCo-LDH) electrode, 
and their GCD and EIS curves. (c) Preparation and SEM images of the PANI@3D 
MXene film electrode67. (d) Schematic showing the fabrication process of PCPTifs 
membrane. The antibacterial mechanism of the PCPTifs membrane and SEM images68. 
(e) Arbitrary structures of the PEDOT:PSS hydrogels and their SEM images.  (f) 
Optical and SEM images and the synthesis mechanism of the PANI/PVA hydrogel 
electrode which used boronic acid as the crosslinker67. (g) Schematic illustration of 
nanotextured glucose sensors with porous enzymatic membrane and demonstration of 
on-body sweat glucose monitoring69. 

2.3.2. Techniques for Porous Structure Fabrication 

 With the increasing demand for material functionality, controlling the porosity and pore 

structure of materials has become the key. In recent years, electrospinning technology, 

template-assisted methods (including breathing pattern technology) and 3D printing 

technology have been widely used in the manufacture of porous structures. These 

methods achieve precise control of pore structures by combining physical, chemical 

and mechanical processing methods. For these three main porous structure preparation 

technologies, their principles, implementation steps and latest applications are 
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introduced in detail, and the advantages, limitations and future research directions of 

each method are discussed. 

 Electrospinning is a preparation method that uses a high-voltage electrostatic field to 

generate nanoscale fibers. By applying an electric field, the solution or molten material 

is stretched into ultrafine fibers under the action of the electric field, and finally 

deposited on the collector to form a porous structure. The advantage of electrospinning 

technology is that it can accurately control the diameter and porosity of the fiber, and 

can control the characteristics of the pore structure by adjusting the concentration of the 

solution, the injection voltage and the type of collector. The electrospinning process is 

usually divided into several steps: First, a polymer solution of a certain concentration 

and viscosity is prepared. Then, a high-voltage electrostatic field is used to drive the 

solution to form fibers. As the electric field increases, the solution forms a Taylor cone 

at the nozzle, and the fiber is stretched and gradually becomes thinner under the action 

of the electric field, and finally solidified on the collector to form a nanofiber structure. 

By adjusting the concentration, voltage and other parameters of the solution, the 

diameter and porosity of the fiber can be controlled. Chen et al.71 demonstrated a 

cartilage regeneration scaffold fabricated by combining 3D printing and electrospinning 

technology, and the fiber network fabricated by electrospinning technology provided 

the scaffold with high porosity and biocompatibility. This study shows that 

electrospinning technology has great application potential in the field of tissue 

engineering, especially in customizing porous scaffolds and promoting cell growth. 

 Template-assisted methods control the size and morphology of porous structures by 
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using templates during the manufacturing process. These templates are removed after 

fabrication, leaving behind porous materials with a specific pore size. The templates 

can be hard templates (such as polymers, ceramics, or metals) or soft templates (such 

as self-assembled materials). The shape of the template allows precise control of the 

pore size and porosity of the final product. The advantages of this method are that it can 

be mass-produced and can produce materials with highly regular pore structures. Breath 

figure technology is a typical method in the template-assisted method. The breath figure 

method is a method for making a regular pore structure based on the water vapor 

condensation phenomenon. Under specific conditions, the solution is dripped onto the 

surface and exposed to a humid environment, and the water vapor condenses to form a 

porous structure with uniform pore size. The honeycomb-shaped ordered porous 

membrane is prepared by using the breath figure method, which can make the polymer 

film material form a micro-nano scale structure, and at the same time make it have the 

functional characteristics of the microstructure. Cui et al.72 applied the breath figure 

technique to develop sensors with ordered dimple structures, demonstrating the 

potential of the template-assisted method in the field of flexible sensors. 

 3D printing technology is a technology that manufactures complex three-dimensional 

structures by stacking materials layer by layer. Compared with traditional processing 

methods, 3D printing has design flexibility and a high degree of pore structure control, 

and can achieve high-precision porous material manufacturing. Through computer-

aided design (CAD) software, researchers can accurately control the pore distribution 

in the design stage to ensure that the printed porous structure meets specific application 
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requirements. The 3D printing process includes steps such as designing models, 

selecting printing materials, layer-by-layer printing, and post-processing. In the model 

design stage, CAD software is used to define the geometry and spatial distribution of 

the pores. In the printing stage, printing technologies such as fused deposition modeling 

(FDM) and stereolithography (SLA) are used to deposit materials layer by layer to 

finally form the target structure. After printing is completed, post-processing steps such 

as support removal and surface modification are usually required to further optimize 

the pore structure. Tetik et al.73 explored the application of 3D printing in the 

manufacture of aerogels and stents. The study showed that 3D printing can achieve 

complex shapes and precisely control pore structures while maintaining the 

functionality of the material. Zarei et al.74 combined electrospinning and 3D printing 

technology to manufacture multi-layered vascular stents, demonstrating the advantages 

of synergistic optimization of the two technologies. 

 Although electrospinning technology, template-assisted methods, and 3D printing 

technology have made significant progress, each method still faces some challenges 

that restrict its widespread promotion in practical applications. Electrospinning 

technology still has difficulties in precisely controlling fiber arrangement and porosity 

consistency, Dilamian et al.75 discussed template-assisted methods can achieve highly 

precise pore control, the template removal process may involve complex chemical or 

thermal treatments. Ni et al.76 pointed out that although 3D printing technology has 

design flexibility, it needs further optimization in terms of material diversity, printing 

speed and production cost. Noroozi et al.77 mentioned that 3D printing technology 
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Improvements in material selection and production efficiency still need to be made. 

Future research should aim to combine these techniques to leverage their respective 

strengths while compensating for the limitations of a single approach. By developing 

hybrid technologies (such as combining electrospinning and 3D printing technologies), 

multifunctional materials with complex pore structures can be more effectively 

manufactured, promoting their applications in biomedicine, energy storage and other 

fields. 

 Porous structure preparation technology has made great progress, and electrospinning 

technology, template-assisted method and 3D printing technology each have unique 

advantages. Electrospinning technology is suitable for the manufacture of high surface 

area, porous fiber materials; template-assisted methods, especially breath figure 

technology, can accurately control the orderly arrangement of pores; and 3D printing 

technology has significant advantages in design flexibility and large-scale production 

Advantages. By organically combining these technologies, porous materials with 

superior properties can be developed in the future, promoting their wide application in 

medical, energy and other fields. 
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Figure 2.8 (a) Schematic of various electrospun fiber scaffolds71. (b) The preparation 
process of NFM-TENG. Prospective applications of NFM-TENG in handwriting 
recognition, sport/healthcare monitoring, and animal voice-emotion identification72.(c) 
Inkjet-based 3D printing process of rGO AgNW aerogels73. (d) Schematic of 
preparation process of PPCS, and PVDF-HFP, SEM image of micron-level salt 
particles, Digital images of pristine-salt, micro-salt, Al2O376.  

2.3.3. Applications of Porous Textiles 

 Porous materials have received extensive research attention in recent years, especially 

in applications such as energy harvesting, wearable electronic devices, sensors, and 

filtration systems. These materials have become an important component of many 

advanced functional materials due to their excellent air permeability, light weight, 

flexibility, and adjustable pore structure. In these applications, the optimization of pore 

structure can effectively improve the performance of materials and meet the needs of 

smart textiles and smart devices in changing environments. Porous textile materials can 

provide complex structural gaps, which give them unique advantages in many fields. In 

the field of energy collection, optimized pore structures can improve the efficiency of 

triboelectric nanogenerators (TENGs) and piezoelectric devices, thereby collecting 
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mechanical energy in the environment; in the field of wearable devices, porous 

materials can combine comfort and functionality to provide lightweight, breathable 

textiles with energy harvesting and sensing capabilities; and in terms of filtration and 

sensors, by designing appropriate pore structures, efficient filtration or sensing of 

specific substances can be achieved. 

 The application of porous materials in energy harvesting has attracted widespread 

attention. Triboelectric nanogenerators (TENGs) and piezoelectric devices can harvest 

energy from mechanical vibration or motion, and the introduction of porous materials 

can help improve the energy conversion efficiency of these devices. For example, by 

embedding nanomaterials in porous textiles, the performance of TENGs can be 

significantly enhanced, thereby improving energy harvesting efficiency 78. Designing 

porous materials with appropriate pore distribution can also effectively improve the 

mechanical strength and durability of the material, making it suitable for a wider range 

of practical applications79. 

 The application of porous textile materials in wearable electronic devices has 

demonstrated its excellent performance, especially in the balance between comfort and 

functionality. Due to its excellent breathability and softness, porous materials can 

effectively reduce discomfort when worn, and can also be combined with electronic 

components to achieve multiple functions such as energy harvesting and health 

monitoring80. For example, some studies use nanofiber materials containing pores to 

make smart clothing with self-powered functions. These clothes can not only collect 

energy generated by human movement, but also monitor physiological changes in the 
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body81. In addition, the optimization of the pore structure can also improve the 

mechanical properties of these materials and ensure their durability under high-intensity 

use79. 

 Another major application area of porous textile materials is sensors, especially in 

environmental monitoring and health testing. Since porous materials have good 

selective permeability, their pore structure can be adjusted to detect and filter specific 

substances82. For example, studies have shown that introducing metal nanoparticles or 

conductive polymers into porous textiles can enhance the material's responsiveness to 

gases and liquids, thereby achieving real-time monitoring of environmental changes83. 

In addition, porous materials also play a vital role in human health monitoring, detecting 

harmful substances in sweat or monitoring air quality through gas sensors84. Porous 

textile materials are also widely used in air and water filtration systems. In these 

applications, the size and distribution of pores are crucial to the filtration effect. By 

adjusting the pore structure, efficient filtration of specific particles, gases or liquids can 

be achieved, thus playing an important role in environmental protection and health 

monitoring85. In addition, some studies have proposed intelligent filtration systems 

based on porous textiles, which can automatically adjust their air permeability and 

filtration effect according to environmental changes, thereby improving overall 

performance and efficiency86,87. 

Although porous textile materials have shown great potential in many application fields, 

they still face some challenges in practical applications. First, how to balance the pore 

structure and mechanical properties of porous materials is still an urgent problem to be 
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solved. Although the porous structure improves the functionality of the material, it 

usually leads to a decrease in its strength and stability, especially in applications that 

need to withstand external forces or work in extreme environments88. Therefore, how 

to design porous materials with good porosity and high strength and stability is one of 

the current research hotspots. Secondly, although existing manufacturing technologies 

can control the pore structure of porous materials, how to ensure the uniformity and 

accuracy of the pore structure during large-scale production is still a technical challenge. 

With the diversification of needs, researchers need to continuously optimize the 

preparation process to ensure the consistency of the material's performance in mass 

production89. In addition, with the increase in environmental protection requirements, 

how to improve the sustainability of porous textile materials has also become an 

important issue. Some studies have shown that while improving the performance of 

porous materials, how to ensure their environmental friendliness and degradability is a 

key direction for future development90,91. Therefore, how to achieve green production 

and recycling of materials without sacrificing functionality is another challenge that 

needs to be solved in the future. 

 The application fields of porous textile materials are wide and diverse, especially 

showing great potential in energy harvesting, wearable devices, sensors and filtration 

systems. As technology continues to develop, researchers have made significant 

progress in optimizing the properties of porous materials. However, how to solve 

problems such as mechanical properties, pore structure control, and environmental 

sustainability are still important challenges in current research. In the future, as these 
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problems are solved, porous textile materials will play an important role in more fields 

and provide support for green technology and smart life. 

 
Figure 2.9 (a) Preparation, characterization and applications of the porous 
nanocomposite fabric, and structure of the PNF-TENG78. (b) Fabrication process and 
applications of PFL@WFCF-TENG79. (c) Chemiresistive type e-textile based sensors 
for NO2 detection82. (d)  Fabrication of MOF devices and sheet resistance of SOFT-
sensor devices83. (e) Membrane engineering for innovation in wearable fabrics and 
protective textiles88. 

2.4 Synergy Between Hierarchically Buckled and Porous Structures 

2.4.1 Advantages of combining hierarchical bending and porous structure 

 The combination of hierarchical buckled structures and porous structures (HBPS) 

brings performance improvements to the design of textile materials, especially in the 

applications of wearable devices, energy harvesting, sensors and other smart textiles. 

This combination not only enhances the versatility of the material, but also optimizes 

its overall performance in many aspects.  

 First, enhanced dynamic stretchability and adaptability are a prominent advantage of 

the combination of hierarchical bending and porous structures. The hierarchical buckled 

structure, through its reversible deformation characteristics, enables the material to 
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undergo large deformations under the action of external forces without losing 

functionality. The introduction of the porous structure further optimizes the 

breathability and comfort of the material, which is especially important in the 

application of wearable devices. For example, materials with porous structures can 

effectively disperse external forces and avoid local stress concentration, thereby making 

the material have higher stretchability and adaptability. In addition, the combination of 

hierarchical buckled and porous structures not only improves breathability, but also 

improves stability during stretching, compression or other mechanical deformations, 

which is particularly suitable for dynamic use environments, such as wearable devices 

and smart textiles92–94. 

 Secondly, the significant increase in functional surface area is another key advantage 

of combining these two structures. The hierarchical buckled structure increases the 

effective surface area of the material by introducing microscopic surface roughness, 

and the porous structure further amplifies this effect. With increased surface area, such 

structures can provide more surfaces for functional applications such as coatings, 

catalytic reactions, or energy conversion. Specifically, in applications such as 

triboelectric nanogenerators (TENGs), the combination of hierarchical buckled and 

porous structures can significantly improve energy harvesting efficiency because they 

can effectively improve the accumulation and transfer efficiency of electrons. This 

efficient energy conversion and integration enables materials to exhibit higher 

performance in areas such as energy harvesting, sensors, and self-powered systems . 

 Finally, improved mechanical toughness and durability are significant advantages of 
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combining these two structures. The porous structure itself is lightweight and tough, 

while the hierarchical buckled structure further enhances the material's compression 

and tensile resistance. The hierarchical buckled structure allows the material to 

maintain better morphological stability in high-stress environments by dispersing 

external forces and reducing stress concentration. At the same time, the existence of 

pores can disperse the load and avoid local rupture, which allows the material to exhibit 

high strength and durability under complex dynamic conditions. For example, in the 

application of wearable devices, this combination can effectively improve the durability 

and performance stability of the device over long periods of use. These advantages 

make the material have great application potential in smart textiles and other functional 

products98,99. 

Thus, the combination of hierarchical buckled structure and porous structure 

provides an innovative way to design textile materials and significantly improves the 

overall performance of the material. By enhancing dynamic stretchability, increasing 

functional surface area and improving mechanical toughness, the synergistic effect of 

the two shows great application potential in wearable devices, energy harvesting, 

sensors and other fields. This combination not only provides a new direction for the 

design of future smart textiles and multi-functional devices, but also lays the foundation 

for efficient and durable material solutions in more fields. 

2.4.2 Challenges in Integration 

 In terms of the combination of porous structures and hierarchically buckled structures, 

how to optimize these structures to improve the mechanical properties, conductivity 
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and energy storage capacity of textiles has become a key challenge. A porous structure 

refers to a structure with a large number of tiny pores, which can effectively provide a 

large specific surface area, excellent ion accessibility and good mechanical flexibility. 

In energy storage systems (such as supercapacitors and lithium-ion batteries), porous 

structures can promote the diffusion of electrolytes and improve ion transport during 

charging and discharging, thereby increasing energy storage density and power density. 

On the other hand, hierarchically buckled structures are a method of enhancing the 

flexibility and stretchability of materials by designing microstructures. Through this 

structural design, it is possible to achieve excellent mechanical properties and 

deformation capabilities of the material under high stretching. In addition, the 

hierarchically buckled structure can also enhance the self-healing and durability of the 

material, so it is crucial for the stability of electrochemical performance during long-

term use. 

 Although some progress has been made in the combination of porous structures and 

hierarchical curved structures, there are still many challenges and controversies. First, 

the porous structure provides a large specific surface area, which is suitable for ion 

storage and diffusion. However, too many pores may lead to reduced mechanical 

strength of the material, especially under high tensile stress. How to maintain a balance 

between porosity and mechanical strength in the design is a key issue in current 

research100. For example, researcher points out that when using MOF templates to 

synthesize hierarchical carbon fibers, although a large specific surface area can be 

obtained, the mechanical stability of this structure is still challenged. In addition, 
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excessive pores may also affect the conductivity of the material, especially under higher 

stress101. 

 Second, although the existing research has achieved remarkable results in small-scale 

experiments, it is still a challenge to ensure the uniformity and stability of the material 

in large-scale production. For example, the removal process of the MOF template 

usually requires the use of highly corrosive chemicals, which not only increases the 

cost but may also affect the quality and environmental friendliness of the final 

material101. For this reason, the development of a greener and more efficient production 

method has become one of the current research focuses. 

 Third, the combination of hierarchical buckled structures and porous structures often 

involves a trade-off between mechanical and electrochemical properties100. Although 

the layered bending structure can significantly improve the stretchability of the material, 

how to further improve its mechanical strength and electrochemical stability without 

sacrificing electrical conductivity is still a key issue that needs to be solved102. 

 Although some progress has been made in combining hierarchical curved structures 

with porous structures to achieve high-performance energy storage materials, there are 

still many technical challenges. These challenges mainly focus on the balance between 

mechanical and electrochemical properties and the development of scalable 

manufacturing processes. Solving these problems requires starting from multiple 

aspects such as new material design, green manufacturing processes, and performance 

testing methods to achieve the widespread application of porous textiles in wearable 

electronics, energy storage and other fields. 
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2.4.3 Early Progress and Applications 

 HBPS have become a research hotspot in the fields of materials science and engineering 

in recent years due to their potential in multiple high-tech applications. These structures 

can significantly improve the mechanical properties, elastic response and energy 

absorption properties of materials through precise control of porosity and buckled 

morphology. Especially in the fields of energy storage, flexible electronics, sensors, and 

environmental remediation, hierarchical porous materials have demonstrated excellent 

performance and broad application prospects. 

 In the field of wearable electronics, composite materials of HBPS demonstrate their 

superior stretchability and breathability, making them ideal materials for high-

performance wearable sensors. By integrating these structures into textiles, biological 

signals (such as heart rate, electromyography, respiration, etc.) can be effectively 

monitored while maintaining comfort. For example, a study demonstrated that 

biosensors based on HBPS composites maintained good signal stability under high 

stretch conditions, making them suitable for long-term wear and dynamic use103. In 

addition, the HBPS structure improves the sensing accuracy by improving the bending 

and extensibility of the fiber and forming a uniform electric field distribution on the 

sensor surface. The performance of these sensors can not only adapt to the ever-

changing mechanical environment, but also work stably under extreme conditions (such 

as high temperature and high humidity), especially in the fields of health monitoring 

and sports tracking104. 

 In the field of energy harvesting devices, the combination of HBPS have significantly 
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improved the performance of TENGs. TENGs generate charges through friction and 

contact, which is an effective way to harvest energy and is widely used in portable and 

self-powered devices. However, the performance of TENGs is limited by charge 

transfer rate and interface adaptability. The introduction of HBPS improves the 

electrical performance, allowing the device to maintain high electrical energy 

conversion efficiency under deformation conditions such as stretching and bending. 

HBPS-based textile materials exhibit higher surface area and enhanced charge storage 

capability in TENGs, which in turn promotes fast charge transfer and higher output 

power. These structures not only improve the mechanical stability and ductility of 

TENGs, but also improve the reliability of the equipment in complex environments. By 

optimizing the HBPS, the efficiency of energy collection can be effectively improved, 

providing support for the long-term stable operation of smart textiles and self-powered 

devices51,100,102. 

 HBPS also shows good application prospects in self-powered sensors. These sensors 

are able to harvest energy through external mechanical stress without an external power 

source. HBPS greatly improves the efficiency of self-powered sensors by optimizing 

the charge generation and storage mechanism. After absorbing mechanical energy, the 

composite material can quickly convert it into electrical energy and effectively drive 

the sensor system, which has a wide range of applications in smart textiles, health 

monitoring, environmental monitoring and other fields. The main advantage of these 

self-powered sensors is that they can provide long-term energy support for wireless 

devices, eliminating the dependence on external batteries or charging. With the 
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continuous optimization of HBPS in material design, these sensors are expected to 

become the core components of smart textiles and other wearable electronic devices in 

the future105,106. 

HBPS has demonstrated significant performance improvements in wearable electronics, 

energy harvesting devices, and self-powered sensors. These materials not only provide 

higher flexibility and adaptability, but also enhance energy conversion efficiency and 

charge storage capabilities, showing a wide range of application potential. However, 

achieving large-scale applications of these materials still requires solving the balance 

between porosity and mechanical strength, as well as long-term stability and 

manufacturing process challenges. As research continues to deepen, HBPS composite 

materials are expected to promote the development of smart textiles and wearable 

devices and open up more application areas. 
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Figure 2.10 Illustration of the potential application on energy convertion and storage 
of the hierarchically porous materials. 

 
Figure 2.11 (a) Schematic that shows the basic steps in colloidal crystal templating102. 
(b) Illustration of the procedure of the CNT/STF/Kevlar composite , neat Kevlar (I); 
STF/Kevlar (II); CNT/STF/Kevlar composite (III)93.(c) Graphene-based stretchable 
materials:  graphene foam and crumpling of graphene sheet94. (d) Porous textile 
conductor fabrication100. (f) Graphene-based stretchable materials:  crumpling of 
graphene sheet94. (g)  Schematic that shows the basic steps in colloidal crystal 
templating. (h)SEM images of the synthesised zirconia particles showing uniform 
microporosity107. 

2.5 Research Gaps and Future Directions 

 Although HBPS have shown broad application potential in wearable electronic devices, 

energy harvesting devices, and self-powered sensors, there are still many technical 

challenges and research gaps in the practical application and industrialization process. 

To address these issues, further exploration and innovation are needed to achieve more 

efficient and sustainable material solutions. 

2.5.1 Balance of mechanical properties and functional properties 

Current research has proven that HBPS can significantly improve the surface area 

and mechanical properties of materials. However, how to achieve a balance between 
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large porosity and high mechanical strength is still a difficult problem that needs to be 

solved. Excessive pores may lead to a decrease in material strength, and the pursuit of 

enhanced mechanical properties may sacrifice the flexibility and functionality of the 

material. Future research needs to resolve this contradiction by optimizing structural 

design and developing new composite materials. Using dynamic chemical bonds 

combined with nanocomposite technology, it is possible to enhance mechanical 

properties while maintaining high porosity and functionality. 

2.5.2 Scalability and cost optimization 

Although HBPS have shown promising performance in laboratory-scale studies, 

these materials still face significant challenges in large-scale manufacturing. Existing 

methods such as template removal, high-precision laser etching, and complex multi-

step manufacturing processes are often costly and inefficient. Additionally, the 

chemical reagents and energy-intensive operations in these processes can be taxing on 

the environment. Future research should focus on developing green manufacturing 

technologies, such as using degradable templates, low-energy self-assembly processes, 

or a combination of 3D printing and electrospinning technology to improve production 

efficiency and reduce manufacturing costs. 

2.5.3 Long-term stability and environmental adaptability 

The long-term stability of HBPS in dynamic environments still requires further 

study. Especially in the fields of wearable devices and environmental monitoring, 

materials need to maintain their functionality under extreme conditions such as 
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moisture and high temperatures. However, many current materials will suffer from pore 

clogging, structural deformation or performance degradation after long-term use. To 

this end, further research is needed on how to improve the environmental adaptability 

and service life of materials through dynamic self-healing mechanisms or the 

introduction of weather resistance enhancement technology. 

2.5.4 Function integration and multiple performance optimization 

In terms of functional integration, how to achieve synergistic optimization among 

flexibility, conductivity, mechanical strength and multifunctionality within a material 

system is still an important technical bottleneck. For example, improving the electrical 

conductivity of materials often leads to a decrease in mechanical flexibility or durability. 

Future research should focus on the design of multifunctional materials with the help 

of artificial intelligence (AI)-assisted material optimization and multi-scale modeling 

to achieve a dynamic balance between different properties. In addition, combining 

bionic design and new nanomaterials (such as graphene, MXene) may provide new 

technological paths for functional integration. 

2.5.5 Environmental sustainability and recycling 

Under the current global requirements for sustainable development, the 

environmental impact of HBS-porous composite materials has become a focus of 

attention. Some non-degradable ingredients or production processes with high energy 

consumption used in the existing technology are contrary to the goal of sustainable 

development. Future research needs to focus on developing recyclable, degradable or 
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recyclable materials and designing lower carbon manufacturing processes. For example, 

the introduction of bio-based materials or renewable resources as raw materials, 

combined with green chemistry methods, will help improve the environmental 

protection properties of these materials. 

2.5.6 Application diversity and new field expansion 

While existing research focuses on wearable devices, sensors and energy 

harvesting, the potential of HBS and porous structures goes far beyond that. For 

example, its applications in medical implants, soft robotics, energy storage devices, and 

environmental remediation remain underexplored. Future research can further expand 

its application in multidisciplinary fields, such as applying it to intelligent drug release 

systems, bionic interfaces, and autonomous repair materials in complex environments. 

2.6 Summary 

This review underscores the complementary roles of hierarchically buckled 

structures and porous microarchitectures in functional textile engineering. By 

integrating these features, it is possible to achieve unprecedented levels of adaptability, 

functionality, and mechanical robustness. These hybrid designs represent a frontier in 

textile research, unlocking new opportunities for advanced applications in wearable 

technology, energy devices, and beyond. 
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Chapter 3 Skin-inspired Hierarchically Buckled Fibers with 

Stretchable Porous Microarchitectures and Customizable 

Functionalities 

3.1 Introduction 

Textile wearables have been widely used in our daily lives and regarded as the 

second human skin108,109. They have attracted significant attentions in wearable 

technologies owing to their unique natures and remarkable properties such as excellent 

flexibility, good air permeability, light-weight, thermal-protective, versatile structure 

designs, and robust mechanical deformation capacities110–112. Fibers (or yarns), as the 

basic constituent unit of textiles, can be acquired through different spinning methods, 

such as dry spinning113,114, melt spinning115,116, wet spinning117,118, and 

electrospinning119,120. In practical applications, fibers usually require further 

modifications with functional materials121 for the enhancement of their 

physicochemical properties or the incorporation of specific advanced functions by 

physical or chemical methods such as surface treatment122, direct coating123 and their 

hybrid techniques124. These valuable techniques have been well used for advanced 

functional fibers to enhance or introduce some desired functionalities based on different 

practical applications. However, there is still a considerably difficult challenge in 

endowing the modified fibers with desired functionalities or microstructures while 

keeping their unique fiber texture features and inherent properties. Therefore, 

incorporating functional nanomaterials into the modified fibers with continuous 

conformal and porous microstructures will be an efficient and attractive strategy for 
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developing continuous advanced functional material fibers (CAFMFs). 

The breath figure (BF) was a unique self-assembly strategy in which water droplet 

arrays were used as templates for the assembly of polymer brick materials to generate 

hierarchically porous microstructures on different substrates with tunable sizes in the 

range from hundreds of nanometers to dozens of micrometers19,125. This method not 

only has facile scalability and nondestructive features, but also possesses rapid, cost-

effective, and energy-saving advantages. Recently, we reported an BF-based approach 

for fabricating functional textile wearables with a flat porous microstructure126–128. The 

obtained wearables demonstrated improved physicochemical properties with inherent 

textures. Nevertheless, the developed functional wearables are not stretchable at all 

because of their simple flat porous microstructures that will collapse under stretching, 

and therefore cannot meet the stretchability requirement which is one of the most 

important properties of functional wearables. Moreover, the specific surface area of the 

developed functional wearables is constrained by flat microstructures, which should be 

further increased with a new design of non-flat porous microstructures for higher 

functional performance when loading functional nanomaterials.  

The body of human beings is a perfectly marvellous organic machine. Taking 

human skin129–131 as an example, it is three-dimensional complex, soft, extensible (3-

55% strain) and multifunctional device that can regulate human temperature, moisture 

and pressure. It is also the first barrier to infection from environment to guard the 

underlying muscles, bones, etc. When the dynamic framework of bones (i.e., skeleton) 

is in movement, the soft and flexible human skin can not only keep perfectly 
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conformable with small deformation, but also can easily cope with the large 

deformation caused by the bending/stretching of joint parts through the generation of 

surface buckling. If the human joint (e.g. finger joint) skin-like buckling12,132 can be 

introduced into the conformal porous microstructures of fibers, the CAFMFs will not 

only obtain good stretchability of porosity but also possess large specific surface area, 

which would be greatly helpful for the design and development of customized 

functional wearables with better performance. 

Herein, inspired by the surface buckling of finger joint skin, a new kind of 

hierarchically buckled porous microstructured fibers (HBPMFs) has been delicately 

designed and fabricated using stretchable elastic fibers (e.g. polyurethane (PU) or 

rubber) and polymer brick materials (e.g. polystyreneblock-polybutadiene-block-

polystyrene triblock copolymer (SBS), poly(methyl methacrylate) (PMMA)) by a 

special physicochemical strategy consisted of material systems manipulation, 

interfacial self-assembly, stretching-releasing control and thermal annealing. Through 

the rational surface design and engineering, the obtained HBPMFs have been 

constructed with hierarchically skin-like buckling and conformal porous 

microarchitectures, possessing superior advantages of stretchable porous 

microarchitectures and more exposed porous surface area for higher performance. In 

this study, the main influential factors including polymer bricks, solutes, solvents, 

concentrations, fiber substrates and pre-stretching strain on surface buckling and porous 

microarchitectures were systematically studied. Moreover, the HBPMFs strategy can 

also be used for directly fabricating a new kind of hybrid CAFMFs that integrate desired 
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functional nanomaterials in the stretchable porous microstructures. Thanks to the skin-

inspired buckling and hierarchically porous microstructures, the resultant HBPMFs 

demonstrates a larger specific porous surface area, superior loading capacity of 

functional nanomaterials, and unique stretchable microarchitectures of porosity. As a 

demonstration of application, the CAFMFs based on TiO2/HBPMFs that integrated 

photocatalytic TiO2 nanoparticles were assembled for the photodegradation of organic 

pollutants. Compared with control samples, the TiO2/HBPMFs showed significantly 

improved properties on photocatalytic degradation of pollutants. These high-performed 

CAFMFs are not only able to take better advantages of flexibility and stretchability of 

fiber materials and porosity of buckled microarchitectures, but also possess the 

customizable multifunctionalities of the incorporated functional nanocomponents, 

which is expected to widely extend the application fields of fiber materials with 

enhanced and customized performance 

3.2 Experimental Section 

3.2.1 Materials  

Polystyrene-block-polybutadiene-block-polystyrene triblock copolymer (SBS, 

MW~133,800, ≥99.5%), Poly(methyl methacrylate) (PMMA, MW ~120,000,  

≥99.5%) and chloroform (CHCl3, anhydrous, ≥99.9%), carbon disulfide (CS2, 

anhydrous, ≥99.9%) and tetrahydrofuran(THF, ≥99.9%) were purchased from Sigma-

Aldrich Co. Titanium dioxide nanoparticles (TiO2 NPs, 17-30 nm), copper 

nanoparticles (Cu NPs, 40-60nm), zinc oxide nanoparticles (ZnO NPs, 50-100nm), and 
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silver nanoparticles (Ag NPs ， 25-50nm) were purchased from XFNANO, Inc. 

Methylene blue (MB) and neutral red (NR) were purchased from Sinopharm Chemical 

Reagent Co. Ltd. Polyurethane (PU) fibers and rubber fibers were provide by a local 

textile company. All materials were used directly without further processing. 

3.2.2 Preparation of HBPMFs  

For the fabrication of HBPMFs, four different polymer brick solutions including 

SBS/CHCl3, SBS/CS2, SBS/THF, and PMMA/CHCl3 were first prepared with different 

solutes (SBS and PMMA) and solvents (CHCl3, CS2 and THF), respectively. Then 

different elastic 1D materials such as rubber and PU fibers with a smooth surface and 

braided structures were selected as substrates and ultrasonically cleaned by immersion 

in alcohol and then dried in an oven at 60°C for one hour. The concentrations of their 

polymer brick solutions were also set to 50 to 250 mg/ml to systematically study the 

formation conditions of buckling and porous microstructures. The elastic fiber substrate 

was pre-stretched to 20%, 40%, 60%, 80%, 100%, 120% and 140% respectively with 

a homemade stepper machine. And then the fixed elastic fibers with a given pre-

stretching ratio was immersed into a variety of polymer brick solutions for 30s and 

selective swelling to achieve the dip-coating process. Subsequently, the fiber substrates 

coated with polymer bricks were drawn vertically out of bricks solutions and then 

rapidly transferred into a high-humidity (RH>90%) environment for internal self-

assembly between the brick polymer and the water droplet. After waiting one minute, 

the modified fibers were removed out from high humidity environment, and the surface 

water droplets of the fibers were quickly evaporated to form porous 
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honeycomb microstructures on the polymer surface of elastic fibers. The pre-stretched 

elastic fiber was then released at a controlled rate of 1 mm/s using a homemade stepper. 

The as-prepared buckled elastic fiber was put into a thermal annealing environment at 

the glass transition temperature of the respective brick material to remove the stress 

effect and avoid interfacial peeling failure. For comparison, solid coating functional 

fibers (SCFFs) and porous coating functional fibers without buckling structures (PCFFs) 

were also prepared at a humidity of about 10% and 90%, respectively. 

3.2.3 Design and fabrication of CAFMFs 

To investigate the feasibility and versatility of HBPMFs for incorporating 

functional nanomaterials for the fabrication of CAFMFs, various nanoparticles (e.g., 

TiO2 NPs, Cu NPs, ZnO NPs, and Ag NPs) were introduced into the SBS/CHCl3 

solution respectively with a concentration of 150 mg/ml to form the hybrid suspension. 

The mass ratio of additives/polymer was set at 1:20 wt% for TiO2 NPs, 1:40 wt% for 

Ag NPs, 1:60 wt% for Cu NPs and 1:80 wt% for ZnO NPs, respectively. Then, the well-

dispersed hybrid suspension was obtained after ultrasonication and magnetic stirring 

for 30 min at room temperature. The HBPMFs were directly prepared with the hybrid 

solution by the same process of HBPMFs with a pre-stretching strain. For the 

photocatalytic control experiments, TiO2 loaded porous microstructured fibers (TiO2/ 

PCFFs) but without buckled structures and TiO2 loaded solid coating fibers 

(TiO2/SCFFs) were also prepared. It was worth noting that the TiO2/SCFFs were carried 

out at a humidity environment of about 10%. 
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3.2.4 Photocatalytic degradation of organic pollutant 

Ten TiO2/HBPMFs with a length of 3 cm and a weight of 0.5 g were prepared as 

the experimental sample, and ten TiO2/PCFFs and TiO2/SCFFs with the same weight 

were also prepared as the control samples. Then, they were placed in a 5 ml transparent 

vial containing a 1.65×10-5 M solution of MB or NR, respectively. To eliminate the 

influence of fiber adsorption on the photocatalytic action, three fibers were soaked in 

MB/NR solution overnight, and the absorbance at the beginning of photocatalysis was 

measured. During the photocatalytic process, the three fibers should be positioned close 

to the lamp's side, and an 18 W UV lamp was employed as the light source for the 

catalysis. The entire catalytic duration was 6 h, and the catalytic efficiency was 

measured by collecting MB /NR solution every hour, which was calculated by:  

D =
n! − n
n!

% 

where n0 represents the initial absorption intensity of MB at 664 nm or NR at 460 nm, 

n represents the absorption intensity of MB at 664 nm or NR at 460 nm at different 

degradation times, and D represents the degradation efficiency of MB % or NR%. 

3.2.5 Characterization 

Scanning electron microscopy (SEM) (TESCAN) at 5 kV was used to examine the 

morphologies of pristine elastic fibers and HBPMFs prepared with different parameters. 

After being coated with a thin layer of sprayed gold and subject to SEM(VEGA3) at 

15.0 kV accelerating voltage, CAFMTs images with different experimental parameters 

were obtained. The elemental composition of CAFMFs were analyzed by using a SEM 

equipped with an Energy-dispersive X-ray spectroscopy (EDX). N2 adsorption-



 72 

desorption isotherms and the specific surface area were tested by Micromeriticis ASAP 

2460. The photocatalytic activity of the prepared CAFMFs was investigated using a 

digital camera and a UV–Visible absorption spectrometer (UV–Vis, Lambda 18) to 

monitor the photocatalytic degradation efficiency of organic pollutants. The mechanical 

property tests were carried using a universal tensile testing machine (Instron Co., Ltd.) 

at a loading rate of 10 mm/min. 

3.3 Results and Discussion 

3.3.1 Design and fabrication of skin-inspired HBPMFs  

Inspired by the skin of finger joints, herein we proposed a novel surface engineering 

strategy to fabricate a new kind of advanced functional fibers with skin-inspired 

buckling features and conformal porous surface microstructures on the PU fiber with 

smooth surface, namely hierarchically buckled porous microstructured fibers 

(HBPMFs), in which the fibers can achieve both high stretchability and porosity. The 

skin of finger joints can be bent and straightened with comfort via the generation of 

surface buckling structure, where the folds of the joint skin play an essential role in 

stretching and matching with the internal muscles nicely, achieving synchronization 

and harmony between the surface structure and the interior muscle (Figure 3.1(a)). 

Inspired by the skin of finger joints, herein we proposed a novel strategy to fabricate a 

new kind of advanced functional fibers with skin-inspired buckling features and 

conformal porous microstructures, namely hierarchically buckled porous 

microstructured fibers (HBPMFs), in which the fibers can achieve both high 

stretchability and porosity (Figure 3.1(b)). Based on the prepared HBPMFs, functional 
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nanomaterials can be further incorporated to develop continuous advanced functional 

material fibers (CAFMFs) for desired applications such as the photocatalytic 

degradation of organic pollutants (Figure 3.1(c)).  

 The fabrication techniques of HBPMFs involving material systems adjustion, interfical 

self-assembly process, stretching-releasing control, and thermal annealing are shown in 

Figure 3.1(d). The pre-stretching strain was initially applied to the pristine elastic fibers 

(Figure 3.1(d) I and II), which is one of key parameters for the fabrication of HBPMFs 

with desired finger joint skin-like buckling features. Figure 3.1(d) III showed that the 

elastic fibers with a given pre-stretching ratio was immersed into a kind of polymer 

brick solutions or their mixtures with nanocomponents for selective swelling to achieve 

the dip-coating process. Owing to the solvent volatile property of polymer brick 

solutions, the conformal porous microstructures of HBPMFs can be readily obtained, 

and the surface morphologies of porous microstructures will also be affected by the 

volatilization of solvents. The formation mechanism of BF process can be explained as 

Figure 3.2: (1) the rapid evaporation of low boiling point of solvent facilitates the 

nucleation of the moisture and small water droplets on the polymer solution surface; (2) 

with the growth and self-assembly of water droplets, an ordered and closely packed 

water droplet array is formed and covers the whole surface of the polymer solution; and 

(3) the evaporation of water droplets and solvent will result in dry polymer layers with 

hexagonal pore arrays on the fibers. The detailed interfical self-assembly procedures of 

porous microstructures are illustrated in Figure 3.1(d) VII-IX and Figure 3.2. In brief, 

the obtained polymer bricks coated fiber (Figure 3.1(d) III) was quickly transported to 
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a high humidity environment, in which water droplets will precipitate on the surface of 

the fiber because of the evaporation of the solvent with low boiling point and high 

volatility in polymer brick solutions (Figure 3.1(d) VII-VIII). Condensed water 

droplets remained on the surface of the fiber after nucleation, expanding and eventually 

self-assembling into ordered arrays of water droplets that were embedded on the 

polymer's surface ((Figure 3.1(d) IX). After being transferred to a typical indoor 

environment (e.g. ~25℃), the elastic fiber's surface temperature was allowed to rise to 

room temperature, where the water droplets evaporated133, leaving porous 

honeycomb microstructures on the polymer surface of elastic fibers (Figure 3.1(d) IV). 

To obtain finger joint skin-inspired buckling surface, the pre-stretched elastic fiber was 

gradually released at a controlled rate using a homemade stepper under a thermal 

annealing environment (Figure 3.1(d) X-XI) at the glass transition temperature of the 

respective brick material to remove the stress effect and interfacial peeling failure, and 

finally the HBPMFs with both skin-inspired buckling and porous microstructures were 

obtained (Fig 3.1(d) V and VI). In this proposed strategy, the thermal annealing would 

endow the buckling layer with desired crinkly mobility and maintain the porous 

microstructures, eliminate the stress mismatch between fiber substrate and polymer 

layer, and also promote the reinforcement of mechanical properties because of the 

improved crystallinity and removed internal stress of polymer chains under thermal 

annealing134,135.  
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Figure 3.1 Design and fabrication of HBPMFs. (a) Schematic of the skin structure of 
finger joints. (b) Design of HBPMFs inspired by skin buckling features. (c) Potential 
application of HBPMFs. (d) The fabrication process of HBPMFs. 

 
Figure 3.2 The mechanism of the self-assembly process. 

3.3.2 Influence of material systems for HBPMFs 

The preparation of HBPMFs is a complex kinetic and thermodynamic procedure 

that is affected by various factors such as ambient conditions, material systems, and 

substrate properties136,137. For the interfacial self-assembly process to progress in an 
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orderly way, it is preferred to keep the conditions of room temperature and high 

humidity. This is because the interfacial self-assembly can be performed facilely, and 

water droplets can condense on the fiber's surface more easily in a high-humidity and 

room temperature environment. In order to obtain uniform and ordered porous 

microstructure arrays, HBPMFs were prepared in an enclosed container at ambient 

temperature (~25°C) and relative humidity (~90%).  

Material systems consisting of various solutes (polymer bricks), solvents, and 

solution concentrations were then systematically studied to fabricate the optimized 

HBPMFs. Figure 3.3 shows that the typical surface morphologies of the prepared 

HBPMFs with different polymer brick solutions and fiber substrates, and the detailed 

fabrication procedures are provided in the experimental section. In the fabrication 

process, the polymer brick material plays a decisive role in the morphology and 

function of HBPMFs. As shown in Figure 3.3 (a)-(c), the pristine PU fiber 

demonstrated a smooth and continuous surface. When 150 mg/ml of SBS/CHCl3 was 

employed as the polymer brick solution, ordered porous honeycomb microstructures 

and hierarchically skin-like buckling were formed on the surface of PU fiber (Figure 

3.3 (d)-(f)), indicating that SBS/CHCl3 is an ideal polymer brick solution. To 

investigate the effect of solutes on the porous microstructures, other polymers such as 

PMMA was also chosen as the brick material of PU fiber to prepare HBPMFs. As 

shown in Figure 3.3 (g)-(i), porous microstructures with small pore sizes and low 

porosity were obtained when PMMA was used as the brick material, and the buckling 

effect of HBPMFs prepared with PMMA/CHCl3 was also lower than that of HBPMFs 
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prepared with SBS/CHCl3 because the hydrophobic branch of PMMA cannot stabilize 

water droplets effectively. Moreover, PMMA was not soft enough due to its rigidity, 

which also restricted its development as a brick material. As the most important features, 

the buckled and porous microstructural morphologies are conducive to enlarge the 

specific surface area of HBPMFs, thereby enhancing their functionalities. Thus, SBS is 

regarded as an ideal polymer brick material for the fabrication of optimal HBPMFs. 

 

 
Figure 3.3 Typical surface features and various magnification SEM images of 
HBPMFs prepared with different solutes and fiber substrates. (a-c) pristine PU fibers, 
(d-f) HBPMFs with PU fibers and SBS/CHCl3, (g-i) HBPMFs with PU fibers and 
PMMA/CHCl3, and (j-l) HBPMFs with single-strand rubber fibers and SBS/CHCl3. 
The concertation of all polymer brick solutions was set at 150 mg/ml. 

In addition to polymer bricks, solvent is also one of key parameters for the 

formation of porous microstructures. When CS2 was selected as the solvent for SBS 

polymer brick solution, the porous structures with large pore sizes and uneven 

morphologies were formed on the surface of PU fibers due to its lower boiling point 

and faster evaporation rate, as shown in Figure 3.4 (a-c). When THF was chosen as the 
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solvent for SBS polymer brick solution, fibers could not obtain an ordered honeycomb 

structure due to the mutual solubility of THF with water (Figure 3.5). The above results 

indicated that the selection of nonpolar and highly evaporative solvents is one of the 

key factors in the formation of HBPMFs. Firstly, the relative density of THF138 is 

smaller than that of water, and the water vapor could not nucleate uniformly during 

solvent evaporation. Then the polymer film formation process provided limited support 

to wrap the water droplets, resulting in the formation of an interwoven and disordered 

network structure on the surface of fibers after the solvent and water evaporated 

completely139. The relative densities of all solvents were higher and insoluble with 

water, except for THF which had better solubility with water and lower relative density 

than water. The volatility of organic solvents has been reported to reduce the surface 

temperature of solutions to -6 to 0 °C140. The volatility of CHCl3 can reduce the surface 

temperature to 0 to 6 °C, and the volatility of CS2 can reduce the temperature to -6 °C. 

Solvents with strong volatility can reduce the surface temperature of solutions rapidly 

but may destabilize the arrangement of water droplets on the surface of solutions. The 

boiling points of CS2, CHCl3 and THF were 46.7, 61.7 and 66.1℃, respectively. 

Therefore, CHCl3 may be a preferred solvent for the fabrication of HBPMFs with 

obviously skin-like buckling features and hierarchically porous microstructures. 
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Figure 3.4 (a-c) SEM images of HBPMFs prepared with PU fibers and SBS/CS2.  

 
Figure 3.5 SEM image of HBPMFs prepared with PU fibers and SBS/THF. 

The fiber substrate and its surface structure also played a very important role in the 

formation of orderly porous microstructures and hierarchically buckling features. Based 

on our preliminary studies, porous microstructures can be conformally formed on 

various hydrophilic and hydrophobic surfaces of substrates. In this study, three kinds 

of elastic fibers including smooth PU fiber, braided PU fiber (b-PU), and smooth rubber 

fiber were selected as substrates to prepare HBPMFs. As shown in Figure 3.3 (d)-(f), 

hierarchical skin-like buckling and ordered porous microstructures were well formed 

onto the surface of the smooth PU fiber. Figure 3.6 and Figure 3.3 (j)-(l) show the 

surface morphologies of HBPMFs made from b-PU fiber and rubber fiber, respectively. 

The results shown that they all appear to have a buckled porous structure, indicating 

that the proposed method is capable of producing a hierarchically buckled structure on 

different fibers. However, HBPMFs made from b-PU fiber and rubber fiber 

demonstrated poor surface morphologies of buckling and porous structures as 

compared to HBPMFs made from smooth PU fiber. In Figure 3.3 (j)-(l), the uneven 

buckling and interconnected porous structures were formed on the rubber fiber substrate. 

Figure 3.6 depicts that nonuniform pore size distribution can be observed on the surface 

of the b-PU fiber substrate probably because water droplets did not self-assemble 
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uniformly on the fiber surface. Hence, smooth PU fiber will be selected as the main 

substrate material for the investigation of HBPMFs in the following studies. 

 
Figure 3.6 (a) and (b) Typical surface features and SEM images of HBPMFs prepared 
with b-PU fiber and SBS/CHCl3.  

3.3.3 Influence of solution concentrations for HBPMFs 

To investigate the influence of solution concentration on the formation of HBPMFs, 

SBS/CHCl3 solutions with different concentrations of 50, 100, 150, 200, and 250 mg/ml 

were employed to prepare HBPMFs with the smooth PU fiber substrate. To acquire 

hierarchically porous microstructures formed by solutions of varying concentrations, 

the process was carried out under a relative humidity of about 90%. For forming skin-

inspired buckling, the pre-stretching ratio of PU fiber was set to 100%. Figure 3.7  

demonstrates that different concentrations of SBS/CHCl3 solutions could generate 

different buckled surfaces on PU fibers. In general, when the concentration was 

gradually increased from 50 to 250 mg/ml, the surface of HBPMFs at various 

magnifications showed both hierarchically skin-like buckling features and regular 

porous structures that were uniformly distributed and densely arranged. Figure 3.7 (a) 

demonstrated that a dense buckled structure emerged at a brick solution concentration 

of 50 mg/ml, with an arrangement direction parallel to the fiber cross-section. Figure 
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3.7 (b) shows a hierarchically buckled width (i.e. the width of one full buckle) of about 

90 μm. The structure of pores was regular and circular with considerable gaps among 

them (Figure 3.7 (c)), and the average pore size was about 1.40 μm (Figure 3.7 (d)). 

Figure 3.7 (e)-(h) shows that the buckled width (~100 μm) and pore size (~1.22 μm) 

were slightly increased when the concentration of the brick solution was increased from 

50 to 100 mg/ml. From Figure 3.7 (i), it is noted that the buckling morphology looks 

more similar to the buckled of human finger joints when the concentration of the brick 

solution was increased to 150 mg/ml, with a thicker buckled width of about 140 μm 

(Figure 3.7 (j)) and uniform and densely distributed pores (Figure 3.7 (k)). From 

Figure 3.7 (l), it is also noted that the pore sizes approximately followed a normal 

distribution, with average pore size of 1.51 μm. Since the solution viscosity increases 

gradually with concentration, the support strength of water droplets was enhanced, and 

the system stability was improved from 50 mg/ml to 150 mg/ml. It was conducive to 

the growth of water droplets and the gradual formation of a HBPMFs with larger pore 

size141. In this stage, the primarily influence was attributed to the concentration of 

SBS/CHCl3 solution, so the increase in evaporation time helps the formation of pores 

of a bigger size. As shown in Figure 3.7 (m-p), the average pore size was reduced to 

1.28 μm and the buckled width tended to decrease (~110 μm) with the further increase 

of brick solution concentration because the solvent evaporation process cools the fiber 

surface142. The time needed for evaporation increased as the concentration of the 

polymer solution was increased because of the solution's increased viscosity, decreased 

evaporation rate, and reduced temperature differential due to heat absorption during 
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evaporation. However, as demonstrated in Figure 3.7 (q-t), the buckled width and pore 

size were both largest at a concentration of 250mg/ml as compared to other 

concentrations. The biggest pore size (1.96 μm) was achieved by increasing the 

concentration of the brick solution, which substantially decreased its fluidity and 

allowed for a greater number of water droplets to self-assemble on the surface143,144. 

When the temperature difference between the surface of PU fiber and ambience was 

decreased, water droplets that have self-assembled on them evaporated more slowly, 

and the resulted interaction between the two caused the development of larger pore 

diameters. Comparing the pore size distributions and buckling effects of HBPMFs at 

various concentrations showed that the 150 mg/ml concentration of SBS/CHCl3 

solution exhibited the most regular pore size distribution and the most preferred 

buckling morphology with respect to the buckled of human finger joints. Therefore, the 

SBS/CHCl3 solution was set at an optimal concentration of 150 mg/ml for HBPMFs. 
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Figure 3.7 Typical SEM images and pore size distributions of HBPMFs prepared with 
different concentrations of SBS/CHCl3 solutions and PU fibers. (a-d) 50 mg/ml, (e-h) 
100 mg/ml, (i-l) 150 mg/ml, (m-p) 200 mg/ml, (q-t) 250 mg/ml. 

3.3.4 Influence of pre-stretching strain for HBPMFs 

In addition to ambient conditions, material systems and solution concentrations, the 

pre-stretching strain of elastic fibers will also have a significant effect on hierarchically 

buckled porous microstructures of HBPMFs. To investigate the influence of pre-

stretching, various HBPMFs with different pre-stretching ratios were prepared and 

evaluated, where PU fiber was mechanically controlled and held at a tensile strain of 

20-140%. In brief, the stretched PU fiber was immersed in 150 mg/ml SBS/CHCl3 

solution for swelling and quickly transferred to a high-humidity environment 

(RH >90%) for the self-assembly process. The stretching-releasing rate was set at 1 

mm/s by a home-made stepper. When the pre-stretching ratio is <40%, the buckling 

structure of the HBPMFs can be not observed (Figure 3.8). As the pre-stretching ratio 

of the PU fibers was increased, the buckling effect became more apparent. In Figure 

3.10 (a-c), when the pre-stretching ratio reached 60%, the polmer brick layer of 

HBPMFs (i.e. SBS layer) exhibited some planar folding rather than the knuckle skin-

like buckling, and the pore size is an average of 1.98 μm (Figure 3.9). As the pre-

stretching ratio was increased to 80%, the SBS layer looked closer to the finger joint 

skin-like buckling, and the average pore size reached about 2.38 μm (Figure 3.10 (d-f) 

and 3.9). When the pre-stretching ratio was further increased to 100%, the surface of 

PU fiber presented optimal finger joint skin-like buckling features (Figure 3.10 (g-i)), 

and the average pore size (2.37 μm) was similar to that of the PU fiber with a pre-
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streching strain of 80%, but the pore size range was the most uniform. At a stretching 

ratio of 120%, the buckled structure became irregular, and the pores attained their 

maximum average size of 2.89 μm (Figure 3.10 (j-l) and 3.9), which may be ascribed 

to the increased tensile pore size caused by the folding intensification. When the pre-

streching strain exceeds 120%, some cracks emerged in the buckling portion because 

the interaction force between polymer brick materials and fiber substrates decreases 

slightly (Figure 3.10 (m-o)), and the average pore size was decreased to the minimum 

value of 1.54 μm (Figure 3.9). The results showed that pre-stretching strains not only 

affect the formation of skin-like buckling but also determine the average pore size of 

microstructures. And the ratio of pre-stretching grows from 20% to 100%, the buckled 

structure becomes more obvious, and the buckled structure increases the diameter of 

the fiber, which gradually increases from the diameter 0.89 mm corresponding to the 

pre-stretching ratio of 40% to 0.91 mm when the pre-stretching ratio is 100%. And 

further, when the pre-stretch ratio is increased from 100% to 140%, the irregularity of 

the buckled structure results in erratic variations in the diameter of the same fiber, which 

is maintained at roughly 0.91 mm. Considering the structural integrity, the optimal pre-

stretching ratio was set at 100%. The successful fabrication of HBPMFs provided 

optimal circumstances for subsequent loading and application of functional materials. 
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Figure 3.8 Results on the HBPMFs with pre-stretching ratio of 20% and 40%, 
respectively. PU fiber and SBS/CHCl3 served as fiber substrate and polymer brick 
solution, respectively. 

 



 86 

Figure 3.9 The average pore size of HBPMFs under different pre-stretching ratios. PU 
fiber and SBS/CHCl3 served as fiber substrate and polymer brick solution, respectively. 

 
Figure 3.10 SEM images and surface morphologies of HBPMFs prepared with 
SBS/CHCl3 (150 mg/ml) and PU fibers under various pre-stretching strains. (a-c) pre-
stretching of 60%, (d-f) pre-stretching of 80%, (g-i) pre-stretching of 100%, (j-l) pre-
stretching of 120%, (m-o) pre-stretching of 140%.  

Moreover, morphology changes of HBPMFs were also recorded and studied by 

SEM to investigate their mechanical properties and durability. At the initial state (i.e., 

a tensile strain of 0%), the HBPMFs made from PU fiber and SBS/CHCl3 exhibited an 

obvious finger joint skin-like buckling feature and conformal porous microstructures 

(Figure 3.11 (a-b)). When the HBPMFs was stretched to 100% of the initial length, the 

hierarchical buckling structure was extended to a smooth surface accompanied by 

porous microstructures (Figure 3.11 (c-d)). This phenomenon is similar to that the skin 

of finger joints fold and expansion as the joints move. However, the HBPMFs made 

from PU fiber and PMMA/CHCl3 showed a poor performance as compared to that of 

SBS/CHCl3 and a mechanical failure occurred at PMMA layers, when it was stretched 

to 100% of the initial length (Figure 3.11 (e-f)). This is because PMMA lacks sufficient 

elasticity as compared to SBS. Moreover, on the base of PU and rubber fiber, the 

HBPMFs made from SBS/CHCl3 and PMMA/CHCl3 were also performed with the 
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stretching-releasing process of 100 cycles respectively to investigate their durability. 

As shown in Figure 3.12 (a)-(b), the HBPMFs made from PU and rubber fiber showed 

excellent durability and stable surface morphologies after 100 cycles of stretching-

releasing, when SBS/CHCl3 was selected as the polymer brick solution. The robust 

mechanical stability is attributed to the synergistic effect of highly elastic materials (PU 

fiber and SBS polymer) and thermal annealing. As a contrast, the HBPMFs based on 

PU fiber and PMMA/CHCl3 presented weak mechanical strength and rupture of 

polymer layers after 100 tensile cycles due to the poor stretchability of PMMA (Figure 

3.12 (c)). 

 
Figure 3.11 The morphology of the HBPMFs fixed at different tensile strains. Different 
magnification SEM images: (a, b) HBPMFs prepared with PU fibers and SBS/CHCl3 
at 0% tensile strain. (c, d) HBPMFs prepared with PU fibers and SBS/CHCl3 at 100% 
tensile strain (e, f) HBPMFs prepared with PU fibers and PMMA/CHCl3 at 100% 
tensile strain. 
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Figure 3.12 Morphologies of the HBPMFs after 100 times of stretching-releasing at 
100%. (a) HBPMFs prepared with PU fibers and SBS/CHCl3. (b) HBPMFs prepared 
with rubber fibers and SBS/CHCl3. (c) HBPMFs prepared with PU fibers and 
PMMA/CHCl3. 

3.3.5 Development of CAFMFs based on the prepared HBPMFs  

Nanoparticles such as TiO2 NPs, Ag NPs, Cu NPs and ZnO NPs were proved to be 

efficient functional materials. The in-situ integration of these nanoparticles on the 

surface or framework of carriers with porous structures can largely prevent from the 

aggregation of nanoparticles during fabrication and enlarge exposed surface area for 

high performance. By adding functionality to HBPMFs, we can develop a series of 

CAFMFs with improved properties and increased possible applications. In this study, 

TiO2 NPs, Ag NPs, Cu NPs and ZnO NPs were used to investigate the viability and 

adaptability of the HBPMFs technique for directly fabricating CAFMFs with 

incorporation of different functional nano-additives with elastic fibers. Different NPs 

were mixed with the SBS/CHCl3 polymer solution to form mixed suspension for 

fabricating CAFMFs (Figure 3.15). Moreover, two other kinds of functional fibers 

were also prepared for the comparison, namely solid coating functional fibers (SCFFs) 

and porous coating functional fibers without buckling structures (PCFFs), as shown in 

Figure 3.13 and S14.  
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Figure 3.13 SEM images and surface morphologies of SCFFs based on PU fiber and 
SBS/CHCl3. The concertation of polymer brick solution was 150 mg/ml. 

 
Figure 3.14 SEM images and surface morphologies of PCFFs based on PU fiber and 
SBS/CHCl3. The concertation of polymer brick solution was 150 mg/ml. 

In Figure 3.15, the synergistic effect and pickering emulsion effect145,146 facilitate 

the nanocomponents to self-assemble at the droplet-solution interface during the 

buckled formation process of HBPMFs. Larger specific surface area would be achieved 

by preserving the porous structure and introducing the skin-like buckling of fibers 

prepared by the proposed fabrication strategy. The enlarged specific surface area is 

beneficial to the loading of functional nanocomponents. When the nanocomponents are 

incorporated into the surface of the fiber using the conventional solid coating method 

(Figure 3.15 (b)), the surface of SCFFs will not create a porous structure, and the 

nanocomponents will tend to aggregate among themselves (Figure 3.13). When the 

solvent was evaporated, the nano-additives were permanently a portion of the coating. 

In Figure 3.15 (c), the nanocomponents can also be evenly distributed in porous 

surfaces of PCFFs by exploiting the created porous microstructures. Although PCFFs 

can utilize the porous surfaces to integrate nanocomponents, their functionalities would 

be greatly reduced due to the lack of buckling structures as compared to HBPMFs. 

Meanwhile, the performance of PCFFs and its application fields will also be greatly 

affected under the large strain conditions. As seen in Figure 3.15, HBPMFs owns the 
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largest exposed surface area than that of SCFFs and PCFFs under the same length 

condition, allowing more and effective loading of functional nanoparticles for enhanced 

performance. BET tests on HBPMFs and PCFFs were conducted to investigate the 

impact of bucked porous microstructure on the specific surface area of fibers. HBPMFs 

have a specific surface area that is roughly twice more than that of PCFFs. For porous 

structure fibers without pre-stretching treatment, the specific surface area is only 

846.676 m2/g, but the specific surface area of HBPMFs is significantly increased, 

reaching 1,235.47 m2/g (Figure 3.16). 
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Figure 3.15 Schematic cross-sectional diagrams of nanocomponents loaded on 
HBPMFs (a), SCFFs (b), and PCFFs (c). 

 
Figure 3.16 The BET surface curves of porous microstructured fibers and 
hierarchically buckled porous microstructured fibers. 

To further investigate the formation of CAFMFs from HBPMFs, different 

nanoparticles filled SBS/CHCl3 solutions with various doping mass ratios were 

prepared, including TiO2 NPs (1:20 wt%), Ag NPs (1:40 wt%), Cu NPs (1:60 wt%) and 

ZnO NPs (1:80 wt%), respectively. Figure 3.17 (a), (d), (g), and (j) showed that all 

CAFMF samples have a hierarchically skin-like buckled structure, indicating that 

different nanoparticles do not impede the formation of the buckled porous 

microstructures. As seen in Figure 3.17 (b)-(l), all functional nanoparticles were 

successfully incorporated to HBPMFs with a slight variation of pore sizes due to the 

influence of different doping nanoparticles. In addition, it was found that the doped 

nanoparticles slightly increased the pore sizes of prepared CAFMFs as compared to 

HBPMFs, which is probably due to that the hydrophilic properties of those 

nanoparticles can promote the attaching capacity of water droplets on the polymer 

surface of HBPMFs.  
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Figure 3.17 SEM images and EDS spectra of different CAFMFs. Different 
magnification SEM images of TiO2/HBPMFs (a) and (b), Ag/HBPMFs (d) and (e), 
Cu/HBPMFs (g) and (h), and ZnO/HBPMFs (j) and (k), respectively. Corresponding 
EDS spectra for TiO2/HBPMFs (c), Ag/HBPMFs (f), Cu/HBPMFs (i), and 
ZnO/HBPMFs (l), respectively. 

3.3.6 Photocatalytic application of CAFMFs 

As demonstration of application, CAFMFs were employed for photocatalytic 

degradation of organic pollutants in this this study. The TiO2 photocatalyst possesses 

the advantages of non-toxicity, broad application, low cost, reusability, and no 

secondary pollution in the reaction at room temperature, and it exhibits outstanding 

results in the treatment of biodegradable industrial effluent147. Nevertheless, the 

powdered TiO2 photocatalyst is susceptible to agglomeration and loss, which raises the 
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cost of TiO2 photocatalysis. Fixing, reusing, and exposing the catalytic surface of 

powdered TiO2 have therefore become the subject of research148. As shown in Figure 

3.18, CAFMFs, that were, TiO2 incorporated HBPMFs (TiO2/HBPMFs), were utilized 

as catalysts for the efficient removal of organic pollutants. Considering its skin-inspired 

buckling features and porous microstructures of CAFMFs, the contact area between the 

catalyst and the pollutant was significantly enhanced, which not only increases the 

photocatalytic efficacy but also enables the reuse of the immobilized TiO2 particles and 

the efficient and cost-effective degradation of organic pollutants. As control groups, 

TiO2 incorporated SCFFs (TiO2/SCFFs) and PCFFs (TiO2/PCFFs) were also employed 

to perform photocatalytic degradation of organic pollutants. Methylene blue (MB) and 

neutral red (NR) were degraded by these three kinds of functional fiber to evaluate their 

photocatalytic degradation capacities. Figure 3.18 (a) shows their different degradation 

efficiencies. The degrading efficiency of TiO2/HBPMFs reached 99%, which was 

significantly higher than TiO2/PCFFs of 80% and TiO2/SCFFs of 60%. Cyclic studies 

of MB degradation were further carried out by using TiO2/HBPMFs under UV light. 

The reacting TiO2/HBPMFs was collected, cleaned for several times with ethanol and 

distilled water, and then put to the initial MB solution for 6 hours of degrading under 

UV light irradiation. Figure 3.18 (b) showed the cycling properties of the 

TiO2/HBPMFs for the degradation of MB. After five cycles, the absorbance was 

increased from 0.07 abs. to 0.16 abs. (Figure 3.18 (c)), and the degradation efficiency 

was reduced from 99% to 89.0% (Figure 3.18 (b)). As shown in Figure 3.18 (d-f), 

TiO2/HBPMFs have the best performance of photocatalytic degradation than that of 



 94 

TiO2/PCFFs and TiO2/SCFFs, where the concentration of MB was reduced from the 

initial 1.508 abs. to 0.09 abs. after 6 hours (Figure 3.18 (d)). The color of samples (inset 

in Figure 3.18 (d) were changed from an initially deep blue to a nearly transparent 

solution. Both TiO2/PCFFs and TiO2/SCFFs contributed to the decolorization of MB 

from an initial absorbances of 1.508 abs. to 0.3 abs. and 0.5 abs., respectively, as shown 

in Figure 3.18 (e) and (f). 

Similar results were also obtained when NR was employed as target pollutant. 

Figure 3.18 (g) illustrates the degrading efficiency of the three functional fibers. 

TiO2/HBPMFs still exhibited the highest rate of degrading efficiency of 97% after six 

hours of UV light exposure as compared to that of TiO2/PCFFs and TiO2/SCFFs (80% 

and 65% respectively). After re-washing the TiO2/HBPMFs, the photocatalytic 

adsorption of NR solution was repeated for five times under the same conditions, and 

the rate of decolorization remained above 89% (Figure 3.18 (h)). This indicates that 

the photocatalytic degradation performance of TiO2/HBPMFs was relatively stable, and 

the absorbance was increased from 0.07 abs. to 0.156 abs. (Figure 3.18 (i)). Figure 

3.18 (j) demonstrates that the absorbance spectra of NR at the concentration of 1.65×10-

5 M in the presence of TiO2/HBPMFs. The inserted photo in Figure 3.18 (j) showed the 

NR solution was nearly transparent after 6h of degradation, indicating TiO2/HBPMFs 

has good photocatalytic degradation capacity for NR. As a contrast, TiO2/PCFFs and 

TiO2/SCFFs exhibited relatively poor photocatalytic degradation properties, and the 

inset of Figure 3.18 (k) and (l) demonstrates that NR solution was not well degraded 

after 6 h with its red color still discernible. The photocatalytic degradation of the as-
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prepared CAFMFs is merely one of many potential applications, HBPMFs can be 

integrated with different advanced functional materials (e.g. triboelectric, electroactive, 

and conductive materials) to develop other CAFMFs with various functionalities for 

energy harvesting, energy storage and flexible circuits in the future. 

 
Figure 3.18 Photocatalytic degradation capacities and comparison of different 
functional fibers for organic pollutants. (a) and (g) The degradation efficiency profiles 
of MB and NR of different samples. (b) and (h) The photocatalytic degradation 
efficiency of MB and NR using by TiO2/HBPMFs in five cycles of testing. (c) and (i) 
UV-vis absorption values of MB and NR using by TiO2/HBPMFs in five cycles of 
testing. UV-vis absorption spectra of MB and NR at different durations of degradation 
in the presence of: (d) and (j) TiO2/HBPMFs, (e) and (k) TiO2/PCFFs, (f) and (l) 
TiO2/SCFFs, where insets were digital photographs of MB and NR aqueous solution 
before and after 6 h of UV irradiation. 

3.4 Conclusion 

In summary, inspired by the surface buckling of finger joint skin, we designed and 

fabricated a novel kind of hierarchically buckled stretchable porous microstructured 
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fibers (HBPMFs) based on a general physicochemical strategy consisted of material 

systems manipulation, interfacial self-assembly, stretching-releasing control, and 

thermal annealing. By elaborately investigating the experimental parameters consisting 

of polymer bricks, solution concentration, solvent types, and fiber substrates, the 

obtained HBPMFs retained hierarchically skin-like buckled and conformal porous 

microarchitectures simultaneously, possessing superior advantages of stretchable 

porous microarchitectures and more exposed porous surface area, which contribute to 

enhanced electrical output performance of the triboelectric nanogenerator. It was also 

found that the pre-stretching ratio of elastic fibers plays an important role in the 

formation of surface buckling. Furthermore, different functional nanomaterials can also 

be directly incorporated into hierarchically buckled porous microstructures of HBPMFs 

for forming a new type of hybrid CAFMFs with customized functionalities. Meanwhile, 

benefiting from the enlarged specific porous surface area introduced by skin-like 

buckling, the HBPMFs become more effective in incorporating functional 

nanomaterials. As a demonstration of application, CAFMFs with incorporation of TiO2 

nanoparticles exhibited significantly enhanced photocatalytic performance of organic 

pollutants than the control samples. This proposed strategy of HBPMFs was expected 

to extend the application fields of advanced functional fibers with enhanced and 

customized performance. 
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Chapter 4 Hierarchically Porous Architectured Stretchable 

Fibrous Materials in Energy Harvesting and Self-powered 

Sensing 

4.1 Introduction 

Advanced functional fibrous materials that combine intrinsic properties of textiles 

and customized functionalities have attracted more and more attentions in next-

generation intelligent wearables, such as personal healthcare, human–machine 

interfaces, soft robotics, and so forth149–153. Elastic fabrics with their unique 

stretchability and flexibility have become the ideal platform for wearable electronic 

devices153–159. However, with the continuous expansion of application scenarios, the 

great challenge of AFFMs is to effectively integrate fibrous materials and functional 

component to fulfill both stretchability and functionality. To address these issues, effort 

has been devoted to developing stretchable AFFMs by different strategies. For instance, 

Liu et al. fabricated stretchable sheath-core fibers with carbon nanotube sheets as the 

sheath and rubber fiber as the elastic core160. Meng et al. reported multi-functional 

fibres with a coil-structure by inserting a giant twist into spandex-core fibres wrapped 

in a carbon nanotube sheath55. Though these fibers have achieved good stretchability 

and functionality, the complex preparation process limits their further application. 

Moreover, the simple surface structure of these fibers lacks an effective conjunction 

channel with the additive functional nanomaterials. 

Porous materials that possess a number of intrinsic properties including high 

specific surface area, large pore volume, tunable pore size and shape, have great 
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application potential in many fields, especially with surface or interface-related 

processes 161–166. Breath figure (BF) technique126,127,167, a surface self-assembly method 

with simplicity, low cost, and high tunability that forms ordered honeycomb-like porous 

structures on the surface of materials using environmental water droplets as dynamic 

templates, has shown great application prospects in smart textiles. The porous 

structures132,168,169 prepared through the BF technique not only significantly increase 

the specific surface area of the textiles but also enhance the active sites of reactive 

nanomaterials, thereby greatly enhancing their functionality170. Therefore, the effective 

combination of buckled features and porous structure will make them more widespread 

and influential in wearable devices in virtue of their high surface area and excellent 

mechanical adaptability. Recently, research showed that flexible and stretchable 

TENGs have broad prospects in energy harvesting and self-powered sensors. For 

example, through innovative manufacturing methods, such as laser etching and 

crumpling method, have shown significant potential in preparing high-precision 

structures and achieving multi-functional integration 171. At the same time, independent 

stretch sensing platforms, such as systems based on human motion, biofuels, and radio 

frequency drive, are constantly expanding the application boundaries of smart wearable 

devices. In the aspect of multi-modal sensors, it achieves high-precision independent 

detection of multiple physical quantities by optimizing material and structural design. 

They are widely used in fields such as flexible electronics, wearable devices, and smart 

medical care, significantly improving the versatility and reliability of devices 172. 
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Herein, we have designed and developed a novel stretchable hierarchically buckled 

porous microstructure fabric (HBPMFs) using elastic commercial textile and 

polystyreneblock-polybutadiene-block-polystyrene triblock copolymer (SBS) by a 

surface self-assembly method. The influential factors on the architecture, characteristics, 

and performance of HBPMFs are investigated to optimize the surface buckled porous 

microstructures, including pre-stretching ratio, swelling time, self-assembly condition, 

annealing temperature and tensile-release rate. The buckled porous microstructures 

endow HBPMFs with high capacity for loading various nanoparticles containing TiO2, 

BaTiO3 and Ag. Based on the optimized HBPMFs, fabric-based TENGs (HBPMFs-

TENGs) are designed and assembled with nanoparticles loaded HBPMFs as a tribo-

positive layer, silicon rubber as a tribo-negative layer and polyacrylamide hydrogel as 

an elastic electrode. Results showed that the charge of the triboelectric performance of 

Ag@HBPMFs-TENG is 6 times higher than that of the original elastic fabric. As a 

sustainable power source, Ag@HBPMFs-TENG can efficiently drive electronic 

watches, digital calculators, and light-emitting diodes (LEDs) by efficiently harvesting 

biomechanical energy. As a wearable self-powered sensor, Ag@HBPMFs-TENG can 

also detect subtle expressions, breathing, and human movements. The obtained 

HBPMFs are expected to have great potential in wearable electronic textiles. 

4.2. Experimental Section 

4.2.1 Materials  

Polystyrene-block-polybutadiene-block-polystyrene triblock copolymer (SBS, 

MW~133,800, ≥99.5%), Poly(methyl methacrylate) (PMMA, MW ~120,000,  
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≥99.5%) and chloroform (CHCl3, anhydrous, ≥99.9%), carbon disulfide (CS2, 

anhydrous, ≥99.9%), tetrahydrofuran (THF, ≥99.9%), acrylamide (AAm), 2-Hydroxy-

40(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 20 kDa PEGDA, N, N-

methylenebisacrylamide (MBAA), methanol, benzophenone(BP) and Lithium chloride 

(LiCl) were purchased from Sigma-Aldrich Co. Ecoflex 00-30 was purchased from 

SMOOTH ON, Inc.. Titanium dioxide nanoparticles (TiO2 NPs, 17-30 nm), Barium 

titanate nanoparticles (BaTiO3 NPs, 50nm), and silver nanoparticles (Ag NPs，3µm) 

were purchased from XFNANO, Inc.. 180gsm knitted 90 polyester 10 spandex stretch 

fabric were provided by a local textile company. All materials were used directly 

without further processing. 

4.2.2 Formation of different HBPMFs 

For the fabrication of HBPMFs, the concentration of different brick solutions 

(SBS/CHCl3, SBS/CS2, SBS/THF, and PMMA/CHCl3) were fixed at 50 to 250 mg/. 

Then the cleaned elastic textiles were pre-stretched to 40% to 140%. In the following 

format hierarchical buckled microstructure process, to guarantee the complete recovery 

of the elastic textiles and the formation of a well-organized single-sided buckled 

structure, the ecoflex material performed an insufficient curd process and adhered to a 

single surface of the textiles. The operations were conducted in a high relative humidity 

environment. The fixed pre-stretching ratio elastic fabrics were immersed into various 

polymer brick solutions for 30s and selective swelling to achieve the dip-coating 

process. Then the fabric substrates coated with polymer bricks were drawn vertically 

out of brick solutions for internal self-assembly between the brick polymer and the 
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water droplet. After waiting one minute, the pre-stretched elastic fabrics were then 

released at a stable rate of 1 mm/s. The modified fabrics were removed from a high 

humidity environment, and the surface water droplets of the fabrics were quickly 

evaporated to form porous honeycomb microstructures on the polymer surface of elastic 

fabrics. Finally, the as-prepared buckled elastic textiles were put into a thermal 

annealing environment at the glass transition temperature of the respective brick 

material to remove the stress effect and avoid interfacial peeling failure. Advanced 

functional material fabrics, solid coating fabrics (SCFs), and porous coating fabrics 

without buckling structures (PCFs) were also prepared for comparison. For the 

fabrication of advanced functional material fabrics, various nanoparticles (e.g., TiO2 

NPs, BaTiO3 NPs, and Ag NPs) were introduced into the SBS/CHCl3 solution, 

respectively, with a concentration of 200 mg/ml to form the hybrid suspension. The 

mass ratio of additives/polymer was set at 1 wt% for TiO2 NPs, 10 wt% for BaTiO3 

NPs, and 0.4 wt% for Ag NPs, respectively. Advanced functional material fabrics were 

also prepared in the same process of HBPMFs with a pre-stretching strain. SCFs and 

PCFs were also designed to not pre-stretch at 10% and 90% humidity, respectively. 

4.2.3 Fabrication of TENGs 

Making flexible Polyacrylamide (PAAm) hydrogel electrodes in conjunction with 

HBPMFs is a component of TENG manufacturing. Then spraying the ecoflex material, 

the HBPMTs were spraying again a solution containing benzophenone (10 wt.% in 

ethanol). The fabrics underwent a triple methanol washing process followed by 

thorough drying. Eventually, UV light was employed to crosslinker the assembly of the 
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PAAm hydrogel onto a specific surface of the peeling ecoflex textiles. PAAm typical 

hydrogel was prepared by directly curing the degassed pre-gel solution (23 wt.% AAm, 

0.051 wt.% MBAA, 0.2 wt.% Irgacure 2959 and 8M LiCl).  

4.2.4 Characterization and evaluation 

The surface morphologies of samples were characterized by SEM (VEGA3) under 

5 kV after being coated with a thin layer of gold. The elemental composition of 

advanced functional material fabrics was analyzed by using SEM equipped with an 

Energy-dispersive X-ray spectroscopy (EDX). The XRD pattern was performed on a 

Bruker X-ray diffractometer (D8 Advance) with Cu Kα radiation. FTIR absorption 

spectra were carried out on a Perkin Elmer spectrometer (Spectrum 100). 

Tensile/compression measurements were performed on a universal tensile testing 

machine (Instron 4411). Electrical performances of TENG under different applied 

forces, frequencies and different sample tensile ratios were evaluated by a button/key 

durability life test machine (ZX-A03, Zhongxingda, Shenzhen) equipped with a high-

speed self-configuring digital indicator (Interface 9860). The open-circuit voltage, 

short-circuit current, and short-circuit charge transfer were recorded by an electrometer 

(Keithley 6514, Tektronix). The instantaneous power density of the TENG was 

calculated by P = I2R/A, where P was the power density, I was the output current, R 

was the corresponding external load resistance, and A is the size of TENG, which was 

10 cm 2, respectively. The size of the sensor was sated as 1cm × 1cm. Motion 

monitoring was carried out with the assistance of a volunteer (one of the authors of this 

article). The study was approved by the Human Subjects Ethics Sub-committee of Hong 
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Kong Polytechnic University and informed written consent was also obtained from the 

volunteer.  

4.3 Results and Discussion 

4.3.1 Design and fabrication of HBPMFs  

In this work, we have developed a novel strategy for fabricating hierarchically 

buckled porous microstructure fabrics (HBPMFs). These fabrics exhibit a unique 

surface morphology with buckling, porosity, and hierarchical microarchitecture. A 

notable feature of HBPMFs is their fusion of good stretchability and buckled porosity, 

enabling the embedding of functional nanoparticles to enhance textile functionalities 

(Figure 4.1 (a) I). The pre-stretching ratio of elastic fabrics is a crucial component in 

creating buckled characteristics for HBPMFs. The porous microstructure formation is 

significantly influenced by the polymer solution's evaporation dynamics and the rough 

texture of the underlying fabric. The polymer brick solution's propensity for rapid 

evaporation, coupled with the environmental humidity, leads to the formation of water 

droplets on the fabric's surface. In a high humidity environment, water droplets will 

form on the surface of the polymer brick-coated fabrics with the evaporation of the 

solvent at a low boiling point and high volatility in the polymer brick solutions. The 

construction of porous structures is shown in Figure S1(b) I to IV, where (1) the rapid 

evaporation of a solvent with a low boiling point promotes the formation of moisture 

and small water droplets on the surface of the polymer solution through nucleation; (2) 

as the water droplets grow and self-assemble, they arrange themselves in an ordered 

and densely packed array, covering the entire surface of the polymer solution; and (3) 
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the evaporation of both the water droplets and the solvent leads to the formation of dry 

polymer layers on the fabrics, characterized by hexagonal pore arrays. The as-made 

fabric was further annealed at the glass transition temperature of the respective brick 

material to eliminate the stress effect and interfacial peeling failure. The optimized 

details on HBPMFs will be discussed in the following sections.  

In brief, a commercially elastic fabric is pre-stretched to a specific rate and cast 

with brick polymer solution in a highly humid environment (Figure 4.1 (a) II and 

Figure 4.2 (a-b)). Then, the pre-processed elastic fabric is released at a controlled rate 

at an annealing temperature (i.e. glass phase transition temperature, Tg) of brick 

polymer to obtain HBPMFs. The resultant HBPMFs surface keeps inherent textile 

features and can be deformed randomly, such as distorting, stretching, and folding 

(Figure 4.1 (b)). Thanks to the unique surface microstructure, HBPMFs can be an ideal 

candidate for integrating with functional materials to achieve promising applications, 

such as HBPMFs-based conductive smart textiles. As a demonstration, Figure 4.2 (c) 

shows the integration process of HBPMFs and hydrogel. In brief, silicon layer (Ecoflex) 

and photo-crosslinking agent (BP) are sprayed on one side of HBPMFs in turn to 

improve its adhesive capability with hydrogel, and then acrylamide (AAm) monomer 

is photopolymerized to form PAAm hydrogel layer on the surface of HBPMFs. A 

certain amount of LiCl is used as a conductive agent to improve the ionic conductivity 

of hydrogel. The molecular structure of the hydrogel and the magnified diagram of 

HBPMFs integrated with PAAm hydrogel are depicted in Figure 4.1 (a) III and IV, 

respectively. Figure 4.1 (c) shows that the hydrogel surface can tolerate different 
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deformations, indicating a strong interfacial interaction is established between 

HBPMFs and PAAm hydrogel. Moreover, the high water retention of PAAm/LiCl 

hydrogel is conducive to maintaining conductivity for a long time, keeping stable 

electric performance. 
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Figure 4.1 Design and fabrication of HBPMFs. (a) Design, fabrication and potential 
application of HBPMFs. Photographs of (b) HBPMFs surface and (c) hydrogel surface 
under different deformations, including distorted (i), stretched (ii), folded (iii) status. 

 
Figure 4.2 Fabrication of HBPMFs. (a) and (b) the fabrication process of HBPMFs. (c) 
the fabrication process of the conductive hydrogel. 

4.3.2 Influence of material systems and durability test for HBPMFs 

The buckled porous microstructures strongly rely on various influence factors, such 

as material systems, self-assembly process, pre-stretching ratio and thermal annealing. 

To clarify the factors affecting the surface morphology of HBPMFs, we investigated 

their self-assembling buckled and porous microstructures across different solute and 

solvent conditions (materials systems), with a constant pre-stretching ratio of 120% and 

thermal annealing temperature. Considering the formation condition136,137, organic 

solvents used to dissolve the elastic brick polymers are nonaqueous and highly volatile. 

Therefore, SBS and PMMA solutes, and CHCl3, CS2 and THF solvents are used to 

prepare buckled and porous microstructures. Figure 4.3 (a) and (b) show the surface 

morphologies of HBPMFs prepared with 200 mg/ml SBS/CHCl3. Thanks to the pre-

stretching process of the elastic fabric substrate, the uniform buckled structure of 
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HBPMFs is observed (Figure 4.3 (a)), and the surface of HBPMFs maintains a uniform 

and closely arranged porous structure (Figure 4.3 (b)). The cross section of HBPMFs 

(Figure 4.3 (c)) shows a clear sandwich-like structure, comprising an upper SBS 

casting layer, a middle elastic fabric interlayer, and a lower hydrogel layer, indicating 

the capability of elastic fabrics to act as structural 'bridges' for enhanced stability. The 

hydrogel is seamlessly integrated with HBPMFs, which makes the sandwich-like 

structure particularly suitable for flexible stretchability and arbitaray tailoring (Figure 

4.4). 

To study the influence of the solvent on the surface structure, different solvents such 

as CS2 and THF are also employed to dissolve SBS and further prepare HBPMFs. 

Although the buckled structure of HBPMFs can be obtained in 200mg/ml SBS/CS2 

brick solution (Figure 4.5 (a) and (b)), it results in large pores and less uniformity 

compared to those produced using SBS/CHCl3 of HBPMFs. This is because CS2, 

having a lower boiling point and greater volatility than CHCl3, reduces the temperature 

of the polymer surface, leading to the aggregation of large water droplets on the 

polymer surface140,173. When CS2 was used to dissolve SBS, the porous templates 

formed by water droplets were larger than those using CHCl3, resulting in a relatively 

larger pore size of HBPMFs. During the self-assembling preparation process of 

formation ordered and disordered porous structure (Figure 4.6), solvent volatilization 

speed impacted the final porous structure. In Figure 4.6 (b), the water droplets adsorbed 

in the solution are in a state of rapid nucleation and growth, which is not conducive to 

uniform droplet size. The droplets remain in a thermodynamically unstable state, with 
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varying fusion speeds of the droplets, which results in an inconsistent final porous 

structure. The higher boiling point of CHCl3 relative to CS2 leads to a more stable 

thermodynamic state and enhanced stabilization of water droplets in a 200mg/ml 

SBS/CHCl3 solution, compared to a similar concentration of SBS/CS2. Consequently, 

the SBS/CHCl3 solution forms more uniformly porous structures than the SBS/CS2 

solution at equivalent concentrations.  

In addition to the volatility of organic solvents, the polarity of organic solvents can 

also affect the pore regularity of HBPMFs. When 200mg/ml SBS/THF is selected as 

the brick solution, the buckled structure is obvious (Figure 4.5 (c)), but the SBS layer 

with an ordered porous structure cannot be obtained (Figure 4.5 (d)). This is because 

THF has a specific mutual solubility with water, and the relative density of THF is 

smaller than that of water138,174. In the evaporating process, the SBS film surfaces fuse 

THF solvent with water droplets to form an intertwined and disordered network 

structure. Therefore, CHCl3 is identified as the preferred solvent for fabricating porous 

and buckled HBPMFs via the self-assembling SBS copolymers on elastic fabrics.  

The solutes (i.e. brick polymer materials) will also play a vital role in the surface 

structure of HBPMFs. The surface morphology of HBPMFs with 200 mg/ml 

PMMA/CHCl3 was also investigated. A regular buckled surface with small pore size 

and low porosity is obtained under a pre-stretching of 120% (Figure 4.5 (e) and (f)). 

Considering the requirement of high stretchability and complex deformation, PMMA 

with limited flexibility may not be the preferred material for building HBPMFs. 

Therefore, the formation condition of the porous structure of HBPMFs can be attributed 
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to the following (Figure 4.6 (a)): (i) the solvent is immiscible with water; (ii) the 

volatilization of solvent, an endothermic process, when coupled with the optimal 

concentration of brick polymer,  can produce a suitable temperature difference at the 

fabric surface; and (iii) in a high-humidity environment, the surface of fabric effectively 

condenses water vapor, facilitating orderly nucleation and growth of water droplets, 

leading to a porous structure with the uniform arrangement and size. 

To demonstrate the structure stability, the durability tests of HBPMFs with different 

brick solutions were conducted through cyclic stretching-releasing procedures, 

extending the HBPMFs from 0 to 125%. After 100 stretching-releasing cycles, the 

buckled and porous microstructures of HBPMFs with SBS/CHCl3 brick solution remain 

intact (Figure 4.3 (d) and (e)), and its cross-section SEM (Figure 4.3 (f)) indicates that 

functional layers also maintain a tight connection. We further carried out tensile-release 

cycles of HBPMFs at a stretching ratio of 125%. The test demonstrates HBPMFs can 

still maintain their mechanical properties even at a higher cycle number of 1,000, 

demonstrating stable durability and reliability (Figure 4.7). When HBPMF was casted 

with 200mg/ml SBS/CS2, its buckled and porous structures remained as initial (Figure 

4.5 (g) and (h)). The HBPMFs cast with 200mg/ml SBS/THF brick solution maintained 

their original structure (Figure 4.5 (i) and (j)). While using PMMA/CHCl3 as the brick 

solution, the HBPMFs has poor cycling stretchability due to its intrinsic low elasticity. 

Figure 4.5 (k) and (l) show that the buckled structure cracked when the HBPMF was 

stretched to 30%, and the elastic fabric substrate was exposed. The stress-strain tests of 

SBS/CHCl3 HBPMFs were recorded to investigate their high elasticity, rebound 
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resilience, and structural stability. As shown in Figure 4.3 (g), tensile strain-modulus 

curves maintain an upward trend across various strain ratios from 25% to 125%. The 

photographs of strained HBPMFs with different stretching ratio are shown in the insets 

of Figure 4.3 (g). The results indicate that HBPMFs has good rebound resilience and 

structural stability, which are significant for the performances of corresponding TENGs. 

To further investigate the tensile properties and stability, the cycling stress-strain tests 

of HBPMFs were measured at different stretching ratios. As shown in Figure 4.3 (h), 

the tensile-strain curves of HBPMFs exhibit excellent cycling stability at different 

strain ratios from 25% to 125%. The good mechanical properties of HBPMFs are 

attributed to the formation of strong interfacial binding force among buckled porous 

structure SBS layer, elastic fabric substrate and hydrogel. 
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Figure 4.3 Typical surface and cross section features and various magnification SEM 
images prepared with 200mg/ml SBS/CHCl3. Before (a-c) and after (d-f) 100 times of 
stretching-releasing at 100%. (g) Stress–strain curve of HBPMFs casted SBS/CHCl3. 
The inset shows photos of different ratio strained HBPMFs. (h) HBPMFs under 5 cyclic 
stretch/release from 0 to 125% strain radio.  

 

Figure 4.4 The arbitrary tailoring photo of HBPMFs. Before (a) and after (b) tailor. 
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Figure 4.5 Typical surface features and various magnification SEM images prepared 
with different solutes and solvents. And after 100 times of stretching-releasing at 120%. 
(a, b) 200mg/ml SBS/CS2 and (g, h) after 100 times of stretching-releasing at 100%, (c, 
d) 200mg/ml SBS/THF and (i, j) after 100 times of stretching-releasing at 100%. (e, f) 
PMMA/CHCl3 and (k, l) after 100 times of stretching-releasing at 100%. 

 
Figure 4.6 Formation mechanism for ordered and disordered structures. 

 
Figure 4.7 Tensile cycling 1,000 tests of HBPMFs. 

4.3.3 Influence of solution concentrations and pre-stretching strain for HBPMFs 

The morphology of HBPMFs is significantly influenced by the concentration of 

SBS/CHCl3 solutions and the pre-stretching strain applied during fabrication.  Figure 

4.8 (a-h) and Figure 4.9 and 4.10 show the surface morphologies of HBPMFs made 

from different SBS/CHCl3 solution concentrations under a pre-stretching of 120%. 

When 50 mg/ml SBS/CHCl3 is used to prepare the HBPMFs, the fabric's original 

surface texture remains partially obscured. This results in a non-uniform distribution of 
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buckled structures and a heterogeneous pore size (Figure 4.9). This discrepancy can be 

attributed to the high proportion of the solute, which prolongs the duration of the 

condensation process. A low solute concentration is insufficient to stabilize water 

droplets on the fabrics. An effective and simple way to solve this problem is to gradually 

increase the concentration of the casting solution. Increasing the solution concentration 

to 100 mg/ml facilitates the development of continuous porous structures on the textile 

surface. However, the process results in a somewhat disordered arrangement of buckled 

microstructures, attributable to the solution's limited covering capability (Figure 4.8 (a) 

and (b), and 4.10 (a)). The elevation in solute concentration aids in supporting the 

condensation of water droplets on the fabric surface, facilitating the formation of the 

observed structures. When the solution concentration increased to 150 mg/ml (Figure 

4.8 (c), (d)), the fabric surface was wrapped by SBS layer, and the morphology was 

changed from the intrinsic fabric texture to a buckled microstructure. As shown in 

Figure 4.8 (c), combined with the characteristics of the buckled formation, the coating 

ridges appear to have continuous gradients and regular distribution. The overall coating 

surface showed a dense and regular morphology. Raising the concentration makes it 

easier for water droplets to form and stay on the fabric surface, developing buckled and 

porous structures. With the increase in solution concentration, the porous 

microstructure on the fabric surface appears uniform, orderly and densely arranged 

(Figure 4.10 (b)). The rounded porous structure shown in Figure 4.8 (d) results from 

the pre-stretching of the fabrics, which exerts minimal mechanical stress on forming 

the shape of the porous structure, compared to other modification processes using 
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solutions at less than 150 mg/ml concentrations. When the solution concentration is 200 

mg/ml (Figure 4.8 (e), (f) and 4.10 (c)), it is found that a more regular porous structure 

is formed conformally and continuously over the textile substrate's irregular surface 

contours, regardless of the areas with large height differences and severe bending. The 

topography of buckled structures is more prominent, the porous size is more consistent, 

and the distribution is more even. By selecting an optimal solution concentration, water 

droplets are induced to condense on the fabric surface, and release heat to compensate 

for the heat absorbed by volatilization to achieve a balance. At 250 mg/ml, however, 

the buckled structure becomes irregular. This irregularity arises from uniform pores 

during solvent evaporation at higher solution concentrations (Figure 4.8 (g), (h) and 

4.10 (d)). These results indicate that identifying the optimal concentration of the casting 

solution is essential for developing brick materials characterized by continuously 

buckled microstructures on textile substrates. By adjusting the solution concentration 

and self-assembly technology, buckled porous microstructures can be well introduced 

on textile substrates.  

In addition, the pre-stretch ratio of the elastic fabric substrate also greatly influences 

the form of the buckled and porous microstructure. Therefore, the morphologies of 

HBPMFs made from 200 mg/ml SBS/CHCl3 under different pre-stretching ratios are 

studied (Figure 4.8 (i-p) and 4.11). The pre-stretch ratio is set from 0% to 140%. Figure 

4.8(i, j) shows the surface morphology of fabric coated by SBS without pre-stretching. 

The surface porous structure of fabric has slight unevenness, which is caused by the 

complex texture structure of the elastic fabric. It can be found that the stretching ratio 
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of 40% (Figure 4.11 (a, b)) has a buckled microstructure similar to that of HBPMFs 

without stretching. When the pre-stretch ratio is increased to 60% (Figure 4.8 (k, l)), 

the buckled structure begins to appear, but it cannot completely get rid of the influence 

of the original fabric structure. As the pre-stretching ratio increases (80%, 100% and 

120%), the buckled structure becomes increasingly obvious, as shown in Figure 4.11 

(c-f) and 4.8 (m, n). HBPMFs with a pre-stretching ratio of ≤120% have a complete 

and ordered porous structure. When the pre-stretching ratio increases to 140% (Figure 

4.8 (o, p)), the porous structure exhibits deformation under compression, resulting in 

noticeable pore distortion. Figure 4.8 (q) illustrates how the buckled and porous 

microstructures form. In brief, when the SBS brick solution is cast into a stretched 

elastic fabric base, the swelling process between them makes the two closely bonded. 

When the elastic fabric is released, the bonding force between the two interfaces 

induces the formation of a buckled structure. As the pre-stretching rate increases, the 

shape of the porous structure of the fabricated geometric pattern gradually changes from 

a circle to an ellipse. This detailed observation emphasizes the crucial role of solution 

concentration, solvent characteristics, and pre-stretching degrees in shaping the 

microstructural attributes of HBPMFs. Optimizing these parameters enables control 

over the fabric’s morphology, which is crucial for developing advanced fabrics with 

specific functional properties. The ideal conditions identified in this study involve a 200 

mg/ml SBS/CHCl3 solution concentration and a 120% pre-stretching ratio, balancing 

the morphological integrity and functional performance of HBPMFs. 
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Figure 4.8 Typical SEM images of elastic fabrics prepared with different 
concentrations. (a, b) 100 mg/ml, (c, d) 150 mg/ml, (e, f) 200 mg/ml, (g, h) 250 mg/ml. 
Typical SEM images and schematic of elastic fabrics with various pre-stretching strains 
of 200 mg/ml SBS/CHCl3 solutions and elastic fabric (i, j) not pre-stretching, (k, l) pre-
stretching of 60%, (m, n) pre-stretching of 100%, (o, p) pre-stretching of 140%. (q) 
Schematic of the fabrication process of the buckled porous structure. 
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Figure 4.9 Typical SEM images of elastic textiles prepared with different 
concentrations of SBS/CHCl3 solutions and PU fibers. (a-c) 50 mg/ml. 

 
Figure 4.10 Typical SEM images of elastic textiles prepared with different 
concentrations of SBS/CHCl3 solutions and PU fibers. (a) 100 mg/ml, (b) 150 mg/ml, 
(c) 200 mg/ml, (d) 250 mg/ml. 

 
Figure 4.11 SEM images and surface morphologies of elastic textiles prepared with 
SBS/CHCl3 (200 mg/ml) and fabrics under various pre-stretching strains. (a,b) pre-
stretching of 40%, (c, d) pre-stretching of 80%, (e, f) pre-stretching of 120%. 

4.3.4 Development of hybrid HBPMFs with nanoparticles 

By capitalizing on the hierarchically buckled porous microstructures, HBPMFs are 

expected to incorporate functional materials, enabling the acquisition of specialized 

functionalities. In this study, TiO2 NPs, Ag NPs, and BaTiO3 NPs are employed as 

typical functional nanomaterials to introduce into the microstructure of HBPMFs. The 

HBPMFs containing functional nanoparticles can be easily prepared by blending these 

nanoparticles with SBS/CHCl3 without other changes in the self-assembly process. 

Owing to the Pickering effect, nanoparticles can be uniformly dispersed into the porous 
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microstructure of HBPMFs without aggregation175. The introduced nanoparticles can 

help stabilize the water droplet and expand the exposed surface area of porous 

microstructures (Figure 4.12). As shown in Figure 4.13, the hierarchically buckled 

porous features of HBPMFs have no obvious interference after incorporating 

nanomaterials. Figure 4.14 (a), (b) show that BaTiO3 NPs can be seen in the porous 

structure and pore size of HBPMFs. The average pore size of BaTiO3@HBPMFs is 18 

μm (Figure 4.14 (b)). TiO2 and Ag NPs are also evenly distributed in the pores of 

HBPMFs, and their average pore size is 5 and 6.8 μm (Figure 4.14 (c-f)), respectively.  

The chemical components of HBPMFs loaded with nanoparticles were confirmed 

by X-ray diffraction (XRD) (Figure 4.14 (g)). XRD patterns show pristine HBPMFs 

have a broad peak at 2θ = 18°, assigned to SBS. In contrast, three types of nanoparticles 

doped HBPMFs exhibit typical diffraction peaks in respective XRD patterns, indicating 

nanoparticles are successfully incorporated in HBPMFs. In addition, Fourier transform 

infrared (FTIR) was also performed to investigate the components of nanoparticles 

doped HBPMFs. Three types of nanoparticles doped HBPMFs and pristine HBPMFs 

show similar FTIR spectra. The trans double bond hydrocarbon out-of-plane bending 

vibration peak in the polystyrene segment at 966 cm-1, methyl scissor vibration 

absorption peak at 1,380cm-1, skeleton vibration absorption peaks of benzene ring at 

1,490 cm-1 and 1,450 cm-1. The two side-by-side double peaks at 1,600 cm-1 and 1,640 

cm-1 are also characteristic peaks of the butadiene C=C double bond. These 

characteristic peaks prove the existence of SBS in HBPMFs (Figure 4.14 (h)). The 

absorption peaks of three nanoparticles cannot be observed, which may be attributed to 
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the smaller doping amount. 

 
Figure 4.12 Formation of hybrid nanoparticles HBPMFs. 

 
Figure 4.13 Typical SEM images of elastic textiles prepared with SBS/CHCl3 solutions 
doping different ratio nanoparticles. (a) and (d)10 wt% BaTiO3 NPs, (b) and (e)1 wt% 
TiO2 NPs, (c) and (f) 0.4 wt% Ag NPs 
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Figure 4.14 SEM images, pore size distributions, XRD and FTIR spectra of different 
HBPMFs. SEM images of BaTiO3@HBPMFs (a), TiO2@HBPMFs (c), Ag @HBPMFs 
(e), respectively. Corresponding pore size distributions for BaTiO3@HBPMFs (b), 
TiO2@HBPMFs (d), Ag@HBPMFs (f), respectively. (g) XRD of different 
nanoparticles@HPBMTs, (h) FTIR spectra of different nanoparticles@HPBMTs. 

4.3.5 Demonstrative Application of HBPMFs 

Based on the unique microstructure of HBPMFs, a novel fabric-based TENG 

(HBPMFs-TENG) was designed and developed. HBPMFs-TENG working on the 

contact-separation mode (Figure 4.15) utilizes HBPMFs and Ecoflex film as the 

triboelectric layers, and PAAm hydrogels serve as stretchable electrodes.   The 

working mechanism of HBPMFs-TENG is shown in Figure 4.15. Initially, it can be 

assumed that the surfaces of the two friction layers exhibit no charge accumulation 

(Figure 4.15 I). When external pressure is applied, the friction layers come into contact, 

facilitating electron transfer from HBPMFs to the Ecoflex film, resulting in no potential 
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difference at complete contact (Figure 4.15 II). As the layers separate, a potential 

difference generates and drives electrons from the upper electrode to the lower electrode 

to balance the potential, thus producing an external current (Figure 4.15 III-IV). This 

cycle of contact and separation produces an alternating current signal (Figure 4.15 II-

V), demonstrating the device's ability to convert mechanical energy into electrical 

energy efficiently. 

In a comparative study, several fabrics featuring varied surface architectures were 

fabricated and employed as triboelectric components in corresponding TENGs, for 

different triboelectric fabrics of surface structure, including pristine elastic fabrics, solid 

SBS coating fabrics (SCFs), porous SBS coating fabrics (PCFs), and Ag NPs doped 

HBPMFs (Ag@HBPMFs). The SEM images of pristine elastic fabrics, SCFs, PCFs and 

HBPMFs are shown in Figure 4.16. The size of these TENGs is set to 2.5cm × 4cm. 

Their electrical performance was evaluated under an applied normal stress of 

approximately 100 kPa, derived from an impact force of 10 N acting on the defined 

contact area. (Figure 4.17 (a), (b)). Compared to other structural fabrics-TENG, 

Ag@HBPMFs-TENG shows the best voltage, current, and charge of 420 V, 16 μA, and 

110 nC, which are approximately 4, 3, and 6 times higher than those of the HBPMFs-

TENGs, respectively. The excellent electric performance of Ag@HBPMFs-TENG can 

be attributed to its unique microstructure and Ag NPs dopant. The hierarchically 

buckled porous microstructure of Ag@HBPMFs affords a high specific surface area, 

facilitating the accumulation of a greater quantity of surface charges on the friction 

layers during the contact separation process 176–178. The strategic self-assembly of Ag 



 122 

NPs within the triboelectric layer enhances electric charge storage capability because 

Ag NPs possess high electrical conductivity and act as localized electron traps, thereby 

facilitating more efficient charge transfer and retention at the dielectric interface. 

Moreover, their nanoscale size and uniform dispersion increase the interfacial area 

between the filler and polymer matrix, which enhances dielectric polarization. This 

synergistic effect results in a higher surface charge density and improved energy output 

of the TENG. 179.  

To systematically investigate mechanical energy harvesting properties, the electric 

performance of Ag@HBPMFs-TENG was further measured under varying conditions. 

The effect of frequency on the output performance of Ag@HBPMFs-TENG is first 

evaluated at a constant impact force of 10N (Figure 4.18 (a-c)). Ag@HBPMFs-TENG 

has an obvious increase in the voltage and charge with the increase of frequency from 

1 to 3 Hz. It may be attributed to external electrons flowing to reach equilibrium in a 

shorter time 180. Then, the voltage and charge of Ag@HBPMFs-TENG maintain almost 

unchanged in the frequency range from 3 to 5 Hz. This interesting phenomenon is 

consistent with previous reports 181,182. While the current of Ag@HBPMFs-TENG 

exhibits a gradually increasing trend in the range of 1-5 Hz. In addition, the voltage, 

current, and charge of Ag@HPBPMFs-TENG were evaluated under different working 

conditions of stretching ratios (25%-125%) and compression forces (1-30N), as shown 

in Figure 4.19. When the stretching ratio increases from 25% to 75%, the electrical 

properties of Ag@HPBPMFs-TENG are significantly enhanced, with voltage from 

289V to 476V, current from 7.48 μA to 16.32 μA, and charge from 75 nC to 118 nC, 
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respectively, which exhibits good performance with respect to other stretchable and 

porous structure-based TENGs (Table 4.1) [126, 127, 149, 169, 176, 177, 183, 184]. It is because the 

partly closed porous structure and buckling structure can be extended as the stretching 

ratio increases, enlarging the effective contact area of the friction layer during the 

contact-separation process. While the voltage, current and charge dropped to 357V, 9μA 

and 90 nC, respectively, at the stretching ratio increases from 75% to 125%. It may be 

attributed to that the unfolded buckled structures are easier to flatten during the contact-

separation process. The surface morphologic change of HBPMFs as the stretching ratio 

can be observed in Figure 4.20. Furthermore, the electrical performance of 

Ag@HBPMFs-TENG also depends on compression force, optimal electrical properties 

are observed at approximately 15N of compression force. As shown in Figure 4.17, the 

HBPMFs-TENG achieved a constant voltage of 210 V during 10,000 times of cyclic 

testing at 10 N and 3 Hz one, demonstrating good stability of our HBPMFs-TENG. 

From the morphology of HBPMFs before and after 10,000 compressions (Figure 4.17 

(d-g)), the buckled structure remains well preserved, though the porous structure is 

slightly extruded, contributable to the inherent flexibility of SBS.  

 
Figure 4.15 The working principle of double electrode mode TENG 
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Figure 4.16 SEM images of (a) pristine elastic fabrics, (b) SCFs, (c) PCFs, and (d) 
HBPMFs, respectively. 

 
Figure 4.17 The electrical performance of double electrode mode TENG and various 
magnification SEM images before the test and after 10000 cycles. (a) voltage and (b) 
current of TENG with different fabrics. All fabrics were coupled with Ecoflex film. (c) 
Durability testing of HPBPMFs- TENG for continuous 10,000 cycles under 3Hz 10N. 
(d, e) different magnification HBPMFs of before 10,000 times compressions, (f, g) 
different magnification HBPMFs of after 10,000 times compressions. 

 
Figure 4.18 electrical performance of double electrode mode TENG. (a) voltage, (b) 
current, and (c) charge of HBPMFs-TENG with different frequencies. 
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Figure 4.19 The electrical performance. (a) voltage, (b) current and (c) charge of 
Ag@HPBPMFs-TENG under the stretching operation (strain: 25–125%) and the 
different press (force: 1-30N). 

 

Figure 4.20 HBPMFs under different stretching ratios, (a) 0% stretching ratio, (b) 50% 
stretching ratio, (c) 75% stretching ratio and (d) 100% stretching ratio.  
 
Table 4.1 Comparison of our TENG with other reported stretchable and porous 
structure-based TENG. 

Triboelectri
c materials 

Maximum 
output 
voltage 

Maximum output 
current 

stretchability 
Surface 

structure 
Ref. 

SBS-
Ecoflex 

476V 16.32µA 125% 
Hierarchically 
buckled porous 

structure 

This 
work 

PDMS 40V 2.24µA 25% 
high-aspect-ratio 

nanotextured 
surface 

 

149 

SBS 97.3V 3µA / 
Honeycomb 

porous 
microstructure 

127 

SBS 7V / / 
3D porous 
structure 

126 

PDMS 92V / 50% 
Anti-nickel foam 

structure 
169 

Nylon6-
PVDF-HFP 

80V 1.67µA / 
Crumpled 

nanofibrous 
176 

CNF/PEI 
aerogel-
PVDF  

106.2V 9.2µA 1% Porous aerogels 177 
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PDMS 180.1V / 100% 
Wrinkled 
structure 

183 

Ecoflex 20.5V 1.25µA 100% 
Micro-crack 

assisted wrinkled 
films 

184 

 

The power density of Ag@HBPMFs-TENG was measured with connected to a 

series of external resistances at 10 N and 3 Hz. As shown in Figure 4.21 (a), as the load 

resistance increases from 1 kΩ to 1 GΩ, the output voltage of Ag@HBPMFs-TENG 

gradually increases while the output current of Ag@HBPMFs-TENG decreases. The 

instantaneous peak power density of Ag@HBPMFs-TENG can be determined 

by	P=I2R/A, where P, I, R and A represent power density, output current, external 

resistance and effective contact area, respectively. The Ag@HBPMFs-TENG reaches a 

peak power density of 0.54 W m-2 at a load resistance of 30 MΩ. The equivalent circuit 

of this self-powered system consists of the Ag@HBPMFs-TENG, a rectifier, a 

capacitor and various electronic components, as shown in Figure 4.21 (b). This circuit 

is engineered to provide energy to small electronic devices, including capacitors, 

calculators, electronic watches and LEDs. Owing to its good power output, 

Ag@HBPMFs-TENG can be a sustainable power source to charge a series of 

commercial capacitors (1.5, 10, 22, 47, 100 and 680uF). Figure 4.21 (c) shows the rapid 

charging of 1.5, 10, 22, 33, 47, 100 and 680uF capacitors within 60 s, with charging 

rates of 3.2, 0.48, 0.18, 0.15, 0.12, 0.06 and 0.01 V/s, respectively. Ag@HBPMFs-

TENG can also be used as a power source to drive small electrical appliances by 

continuously tapping with a hand. It charges a 22uF capacitor to 3V in 140 seconds. 
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Connecting the charged capacitor with a calculator and an electronic watch (Figure 

4.21 (d) and (e)), the stored electricity can drive the calculator and electronic watch to 

work for about 20 seconds and 35 seconds. In addition, this device can also stably light 

up 128 LEDs (Figure 4.21 (f)).  

 
Figure 4.21 Energy harvesting demonstrations of TENG. (a) Output voltage, current 
and instantaneous peak power density of TENG at a series of external loadings. (b) 
Equivalent circuit. (c) Charging rates of different capacitors through TENG. 
Charging/discharging curves of a commercial capacitor connected with TENG for 
driving (d) a calculator and (e) an electrical watch. (f) Light up 128 LEDs. 

Owing to the suitable electrical output performance, Ag@HBPMFs-TENG can be 

further developed as a wearable self-powered sensor. Figure 4.22 (d) shows the 

applications of Ag@HBPMFs-TENG affixed to various parts of the human body as a 

sensor in this study. When integrated into a medical surgical mask, Ag@HBPMFs-

TENG serves as a sensor to monitor human respiration (Figure 4.22 (a)). During 

inhalation, breathing causes the mask to press the TENG closer to the skin, decreasing 

the gap between its triboelectric layers and thus generating a measurable electrical 

signal. Conversely, exhalation expands the mask, driving the TENG back to its initial 

state, causing the triboelectric layers to separate and re-generate electrical signals. This 



 128 

cyclical breathing motion enables the generation of continuous electrical signals. 

Notably, the amplitude of these signals varies with the depth of breathing, ranging from 

1.8 to 2V for normal breathing to 3 to 3.8V for deeper breaths, thereby indicating the 

sensor's capability to distinguish between different breathing intensities. Blinking 

activity conveys human emotions and serves as a means of communicating behavior. 

By pasting the Ag@HBPMFs-TENG onto the eyelids, the alternating blinking motion 

can be detected through regular and repeatable voltage signals (Figure 4.22 (b)) with 

an electric output of -0.1 to 0.2V. By fixing Ag@HBPMFs-TENG at the index finger 

joint, the bending angles of the finger will generate different voltage signals, which can 

be used to detect gestures, such as OK and curl up (Figure 4.22 (c)). Attaching 

Ag@HBPMFs-TENG to insoles (Figure 4.22 (e)) or knee (Figure 4.22 (f)) generates 

synchronized voltage signals under walking and running conditions, showing good 

stability and clear motion differentiation. This capability stems from bending angles 

and contact frequency changes, affecting signal amplitude and shape. Additionally, the 

device uses joint movements to produce varied electrical signals, enabling monitoring 

of body motions, such as the elbow's flexion from 30° to 90° with electric output from 

25 V to 55 V, indicating distinct signal profiles for different bends (Figure 4.22 (g)). To 

further investigate the application potential of our Ag@HBPMFs-TENG, we developed 

a sensing array by integrating nine Ag@HBPMFs-TENGs in the warp and weft 

direction (Figure 4.23 (a)). When pressing on the surface of the array sensor, the 

Ag@HBPMFs-TENG at the corresponding position will produce an obvious voltage 

output signal. Through the multi-channel data acquisition system, the real-time voltage 
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signals of sensing units can be detected simultaneously or respectively. After signal 

processing, the real-time statistical results can be displayed in a display terminal. 

Figure 4.23 (b) shows the self-powered falling point distribution statistics system 

generated by the array sensor, which includes the distribution map of each pixel, the 

statistical results and the real-time voltage signals of all channels. As expected, a real-

time signal update can be observed in the distribution map as the different position of 

the array sensor is pressed, and the corresponding statistical result is generated in each 

pixel, demonstrating the detecting performance of the system in the falling point 

position and statistical distribution. These results showed that Ag@HBPMFs-TENG 

has stable and reliable output signals as a wearable self-powered sensor for motion 

detection. Given its proven stability and repeatability, Ag@HBPMFs-TENG stands out 

as a promising tool for personal healthcare monitoring and human-computer interaction. 

These results indicate our Ag@HBPMFs-TENG as a wearable sensor can cope with 

most mechanical stress generated by human body and maintain a stable electrical output 

signal. 
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Figure 4.22 Application demonstrations of Ag@HBPMFs-TENG as a wearable self-
powered sensor. (a) Nasal breathing monitoring by pasting TENG to a surgical mask. 
(b) Blinking activities sensing by sticking TENG on the eyelid. (c) Monitoring finger 
detect gestures (OK and curl up) by fixing TENG on the index finger. (d) Applications 
of Ag@HBPMFs -TENG fixed on different parts of the body. (e) Monitoring of 
different walking modes by pasting TENG on an insole. (f) Monitoring of knee-related 
motions by installing TENG on the knee joint. (g) Detection of elbow bending angles 
by attaching TENG to the elbow. 

 
Figure 4.23 Application of the TENG in a self-powered falling point distribution 
statistical system. (a) Scheme diagram of the TENG based self-powered falling point 
distribution statistical system. (b) Real-time output voltage signals and statistic result. 

4.4 Conclusion  

In summary, we proposed a novel hierarchically buckled porous microstructure 
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fabric (HBPMFs) using a self-assembly strategy. Key factors influencing the design, 

properties, and functionality of HBPMFs were systematically explored, including pre-

stretching ratios, swelling durations, fabrication conditions, and release mechanisms.  

By incorporating various nanoparticles into the HBPMFs, we successfully developed 

fabric-based TENG, among which the integration with 0.4 wt% Ag NPs showcased the 

best triboelectric performance.  The optimized Ag@HBPMFs -TENG is 4, 3 and 6 

times higher than the pristine elastic fabric in terms of voltage, current, and charge, 

respectively. Moreover, the Ag@HBPMFs-TENG can power electronic watches, 

digital calculator devices and LEDs, and it can also serve as a wearable self-powered 

sensor for detecting human body motions. The unique structural and functional 

attributes of HBPMFs underscore their significant potential for application in wearable 

electronics. 
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Chapter 5 Hierarchically Buckled Porous 

Microarchitectures of NiCo-LDH@carbon Fibers for High-

Performance Stretchable Supercapacitors in Wearable 

Electronics 

5.1 Introduction 

The development of wearable electronic devices, such as health monitors, smart 

textiles, and fitness trackers, has generated a strong demand for energy storage systems 

that combine flexibility, stretchability, and mechanical resilience185–187. Fiber-based 

supercapacitors have attracted significant attention owing to their fast charge-discharge 

capabilities, high power densities, and long cycle lives188,189. However, conventional 

supercapacitors often face significant challenges in maintaining energy storage 

performance under mechanical deformations such as bending, twisting, or stretching190. 

This limitation underscores the importance of creating stretchable fiber-based 

supercapacitors188,191,192 capable of enduring mechanical strains while retaining robust 

electrochemical properties, particularly for next-generation wearable technologies. 

To address these challenges, significant research has been directed toward 

designing advanced fiber structures and integrating versatile materials. Carbon-based 

fibers193, including carbon nanotubes (CNTs) and carbon fibers, are key materials 

because of their remarkable mechanical properties, excellent electrical conductivity, 

and electrochemical double-layer capacitance (EDLC). However, these materials 

exhibit limited energy storage capacity because of the inherent ion adsorption and 

desorption limitations of EDLC mechanisms194–196. Hybrid systems incorporating 
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pseudocapacitive materials, such as transition metal oxides (e.g., MnO₂)197,198 and 

conductive polymers (e.g., polypyrrole)199, have shown enhanced energy storage 

performance. For instance, recent studies demonstrated that CNT-based hybrid 

supercapacitors loaded with metal-organic framework-derived porous nanostructures 

significantly improved energy density and cycling stability200. Despite these 

advancements, many hybrid systems still experience performance degradation under 

high strain or repeated deformation cycles. 

Nickel-cobalt layered double hydroxides (NiCo-LDH) have emerged as promising 

pseudocapacitive materials owing to their high faradaic activity, layered structure, and 

abundance of active sites201,202. These features enable efficient ion transport and redox 

reactions, making NiCo-LDH a suitable candidate for fiber-based supercapacitors. 

Recent research highlights the advantages of integrating NiCo-LDH with porous carbon 

materials to achieve high electrochemical performance while preserving 

flexibility203,204. For instance, hierarchical porous structures derived from Al-doped 

NiCo-LDH precursors exhibited excellent ion transport and mechanical stability under 

dynamic conditions, offering enhanced energy density and long-term cycling 

durability205. However, challenges such as reduced capacitance retention under 

deformation and the cycling fatigue of pseudocapacitive materials persist, limiting their 

practical application. 

In this study, we report a novel approach to enhance the performance of fiber-based 

supercapacitors by utilizing a core-spun yarn structure, where elastic fibers form the 

core and are wrapped by carbon fibers to create a mechanically robust composite. These 
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core-spun yarn carbon fibers are further processed using the high-humidity breath 

figure (BF) method to form hierarchically buckled porous structures (HBPSs). The 

HBPFSs are subsequently coated with NiCo-LDH nanostructures via hydrothermal 

treatment. The stretched device is almost the same as the original device, indicating that 

the device can still maintain its structural integrity and excellent electrochemical 

performance after mechanical deformation. Additionally, the specific capacitance 

reaches 334.1 mF cm⁻1 at 0.5 mA cm⁻², surpassing conventional flexible energy storage 

systems. These findings underscore the potential of integrating core-spun yarn 

processing with hierarchical structural design for advanced wearable energy storage 

solutions. 

5.2 Experimental Section 

5.2.1 Materials 

The following materials were purchased and used for the experiments: polystyrene-

block-polybutadiene-block-polystyrene (SBS), multi-walled carbon nanotubes 

(MWCNTs), chloroform (CHCl₃), cobalt sulfate hexahydrate (CoSO₄·6H₂O), 

nickelsulfate hexahydrate (NiSO₄·6H₂O), potassium hydroxide (KOH), sodium 

dodecylbenzene sulfonate (SDBS), acrylamide, N,N′-methylene-bisacrylamide 

(BMAA), potassium persulfate (KPS), tetramethylethylenediamine (TEMED), and 3K 

carbon fibers. All reagents were of analytical grade and used without further 

purification. 
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5.2.2 Fabrication of conductive buckled porous carbon fibers 

Elastic carbon fibers were fabricated using a core-spun yarn methodology, wherein 

elastic fibers served as the core material, encased by carbon fibers to form a 

mechanically robust composite structure. The resulting core-spun carbon fibers were 

subjected to a solution casting process utilizing a polymer solution comprising styrene–

butadiene–styrene (SBS) dissolved in chloroform (CHCl₃) at a concentration of 200 

mg/mL and carbon nanotubes (CNTs) dispersed in chloroform at a concentration of 40 

mg/mL. These solutions were mixed in predetermined ratios of SBS/CHCl₃ to 

CNT/CHCl₃, specifically 1:0, 1:1, 1:2, and 1:3. During the casting process, the pre-

stretched fibers were immersed in the prepared casting solution for 30 seconds to 

selective swelling and ensure uniform coating. Following this, the fibers were 

transferred to a high-humidity environment (relative humidity >90%) and maintained 

there for 1 minute to promote the formation of a buckled porous structure through the 

breath figure interfacial self-assembly. After this high-humidity exposure, the pre-

stretch tension was gradually released, then the fibers were removed and subjected to 

annealing and drying at 90°C, ensuring complete solvent evaporation and stabilization 

of the porous morphology. The final samples were designated as HBPS0, HBPS1, 

HBPS2, and HBPS3, based on the respective ratios of SBS/CHCl₃ to CNT/CHCl₃ in the 

casting solution. 

5.2.3 Preparation of NiCo-LDH-Coated HBPS Fibers 

The pre-dried buckled porous carbon fibers (HBPS1, HBPS2 and HBPS3) were subject 

to hydrothermal treatment to grow NiCo-LDH nanostructures on their surfaces. The 
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hydrothermal process was conducted at 120°C for 12 hours using solutions with varying 

concentrations of cobalt sulfate hexahydrate, nickel sulfate hexahydrate, urea, and 

SDBS. The solutions were prepared as 20 mM CoSO₄·6H₂O, 40 mM NiSO₄·6H₂O, 

excess urea, and 0.1 wt% SDBS, respectively. After hydrothermal treatment, the fibers 

were dried under standard environmental conditions, and the samples were labeled 

based on the NiCo-LDH coating applied to the original porous carbon fibers 

(NiCo@HBPS1, NiCo@HBPS2 and NiCo@HBPS3).  

 5.2.4 Fabrication of All-Solid-State Symmetric Supercapacitors 

The gel electrolyte was prepared by dissolving 2.5 g of acrylamide and 2.5 mg of 

BMAA in 10 mL of deionized water under constant stirring at room temperature. With 

this solution, 0.06 g of KPS and 5 µL of TEMED were added, ensuring thorough mixing. 

Once the solution became homogeneous, 10 mL of 6 M KOH was rapidly introduced 

to create a pre-gel electrolyte solution. The NiCo@HBPS1 fibers were immersed in the 

pre-gel electrolyte for 30 seconds to ensure uniform absorption of the solution. 

Following immersion, the fibers were solidified at 50°C for 30 minutes. This process 

was repeated 2-3 times to achieve a consistent and uniform gel electrolyte coating on 

the fibers. After the final coating step, two identically treated NiCo@HBPS1 fibers were 

assembled to form a symmetric supercapacitor. The assembled devices were stored at 

room temperature to allow full solidification of the gel electrolyte before further use. 

5.2.5 Characterization 

To comprehensively analyze the samples of NiCo@HBPS, HBPS and pure carbon 
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fibers, several characterization techniques were employed. Scanning electron 

microscopy (SEM) was performed using a Tescan MIRA field emission SEM to 

examine surface morphology, coupled with energy-dispersive X-ray spectroscopy 

(EDX) to map the elemental distribution. High-resolution transmission electron 

microscopy (HRTEM) was conducted on a JEOL JEM-2010 to observe nanostructures 

and lattice fringes. X-ray photoelectron spectroscopy (XPS) was carried out with a 

Thermo Scientific Nexsa G2 system to analyze elemental composition and oxidation 

states.  The electrochemical performance of the fabricated supercapacitors 

(NiCo@HBPS1, size 1cm) and the all-solid-state symmetric supercapacitor were tested 

via an electrochemical workstation instrument (CHI 660E, shanghai chenhua 

instrument Co., Ltd.) The NiCo@HBPS, HBPS and pure carbon samples as a working 

electrode were evaluated using a three-electrode system in a 3 M KOH aqueous 

electrolyte. A graphite plate and a saturated calomel electrode served as the counter and 

reference electrodes, respectively. Cyclic voltammetry (CV), galvanostatic charge-

discharge (GCD), and electrochemical impedance spectroscopy (EIS) were employed 

to characterize the capacitive behavior, rate performance, and impedance characteristics 

of the supercapacitor. Specific capacitances were calculated from the GCD profiles 

using the following equation: 

𝐶 = #∗∆&
∆'

 

where I is the discharge current (mA cm-2), Δt is the discharge time (s), and ΔV is the 

potential window(V). 
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5.3 Results and Discussion 

To enhance the stretchability and flexibility of carbon fibers in the preparation of 

supercapacitors, elastic fibers were used as the core which was wrapped with carbon 

fibers to form core-spun yarns (Figure 5.1 (a)). The core-spun yarns were arranged into 

a flexible twining structure, significantly improving the material's ability to deform 

under external stresses, allowing it to endure greater levels of stretching and bending.	

To achieve a high specific surface area and hierarchically buckled porous structure 

(HBPS) fibers, the pre-stretched carbon fibers were coated with various ratios of 

SBS/CHCl3 and CNT/CHCl3 solutions and treated under high humidity using the BF 

method Figure 5.1 (b). This method utilizes evaporative cooling to induce water droplet 

condensation on the fiber's surface. These condensed droplets self-assemble into a 

structured micro-template, facilitating the formation of an ordered porous SBS/CNT 

network on the fiber surface (Figure 5.1 (d)). The elasticity of SBS imparts good 

durability and mechanical resilience to the composite material, while CNTs establish a 

continuous conductive network.	Following this, hydrothermal treatment was applied to 

grow nickel-cobalt layered double hydroxide (NiCo-LDH) nanostructures (Figure 5.1 

(c)). NiCo-LDH is recognized for its outstanding electrochemical activity and ion 

exchange properties. During hydrothermal synthesis, NiCo-LDH nanosheets are 

uniformly deposited onto both the surface and inner pores of the SBS/CNT porous 

composite (Figure 5.1 (e), resulting in a hierarchical structure that increases the specific 

surface area and enhances the number of active sites. At the molecular and structural 

levels, the integration of CNTs and NiCo-LDH (Figure 5.1 (f) and (g)) promotes 
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efficient charge transfer and accelerates ion diffusion, thereby enhancing the capacitor’s 

rapid charge-discharge performance. Additionally, the porous network provides strong 

mechanical interlocking, enhancing the adhesion between NiCo-LDH nanosheets and 

the substrate, ensuring stability and minimizing detachment during repeated charge-

discharge cycles. 

 
Figure 5.1 Schematic and mechanism illustration of the formation process of 
NiCo@HBPS. (a) Elastic carbon fibers were fabricated using a core-spun yarn structure. 
(b) Hierarchically buckled porous structure formation of HBPS on the Elastic carbon 
fibers. (c) NiCo-LDH growth on the HBPS. (d) HBPS magnified image. (e) NiCo- 
LDH@ HBPS magnified image.The schematic molecular model (f) and chemical 
structure (g) of CNTs combined with NiCo-LDH. 

Figure 5.2 is the SEM image formed by coating different ratios of SBS and CNT 

solutions on elastic carbon fiber substrates. Figure 5.2 (a, b) are the morphologies of 

elastic carbon fibers. Figure 5.2 (a) is a low-magnification image, showing the overall 

appearance of elastic carbon fibers formed by using elastic fibers as the core and carbon 

fiber coating. The fibers are tightly arranged and have uniform surface features, 

providing a stable support platform for subsequent solution coating. Figure 5.2 (b) is a 
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high-magnification image, where it can be observed that the carbon fiber surface is 

smooth and has no pores, indicating that the fiber material itself does not have any 

porous structure before the BF coating. The design of the elastic fiber provides a 

sufficient mechanical elastic basis for subsequent morphology modification. Figure 5.2 

(c, d) are the morphologies of HBPS1 (1:1 ratio SBS/CHCl₃ and CNT/CHCl₃ coating). 

Figure 5.2 (c) is a low-magnification image showing the regular porous network 

formed on the carbon fiber surface after coating with a 1:1 ratio solution. The pores are 

evenly distributed, of uniform size, and have a wide coverage, indicating that the SBS 

matrix dominates the formation and stabilization of the water droplet template through 

the breath figure effect under high humidity conditions. Figure 5.2 (d) is a high-

magnification image, which further reveals the detailed structure of the pores. The pore 

walls are smooth and regular in shape, reflecting the key role of SBS in maintaining the 

pore morphology and structural stability. This structure is of great significance to the 

subsequent deposition and functionalization of materials. Figure 5.2 (e, f) are the 

morphology of HBPS2 (1:2 ratio SBS/CHCl₃ and CNT/CHCl₃ coating), Figure 5.2 (e) 

is a low-magnification image, showing the surface structure formed by the coating 

solution with a higher CNT ratio. The pores are significantly smaller and the network 

structure is denser, but the distribution of the pores is slightly irregular compared to the 

1:1 ratio, reflecting the weakening of the pore network stability due to the reduction of 

the SBS matrix. Figure 5.2 (f) further shows the enlarged microscopic morphology of 

the pores. It can be observed that CNT begins to play a more significant role and 

gradually forms a porous structure with carbon nanotubes as the skeleton, but due to 
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the reduction of SBS content, the orderliness of the overall pore network is reduced. 

Figure 5.2 (g, h) are the morphologies of HBPS3 (coated with 1:3 ratio of SBS/CHCl₃ 

and CNT/CHCl₃): Figure 5.2 (g) shows the surface morphology after coating with 1:3 

ratio solution. The SBS matrix is not sufficient to stabilize the breath figure effect, and 

the water drop template is unstable, resulting in the destruction of the pore structure and 

a highly irregular morphology on the overall surface. Figure 5.2 (h) reveals that the 

surface of the carbon fiber is mainly composed of rough areas composed of CNT 

accumulation, and there is almost no ordered pore structure. Although the high CNT 

content may improve the conductivity, the lack of pores may significantly limit the ion 

diffusion path, thereby affecting the electrochemical performance. It can be clearly seen 

from the SEM images that the ratio of SBS to CNT plays a decisive role in the formation 

of the porous structure on the surface of the carbon fiber. When the ratio of SBS to CNT 

is 1:1, the breath figure effect is most significant, the pore structure is stable and regular, 

and it is suitable for electrochemical material deposition and ion diffusion. When the 

SBS to CNT ratio increases to 1:2, the pore structure is more compact, but the regularity 

decreases. When the ratio is further increased to 1:3, excessive CNT content destroys 

the formation of the pore structure and significantly affects the orderliness and flatness 

of the surface morphology. This shows that during the BF process, the balance between 

SBS and CNT is crucial in optimizing the porous network structure, and too high or too 

low CNT content may have an adverse effect on the final performance. 
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Figure 5.2 SEM images of different SBS and CNT ratios solution coatings on carbon 
fabric substrates at varying magnifications. (a, b) the morphology of Elastic carbon 
fibers, (c, d) the morphology of HBPS1, (e, f) the morphology of HBPS2, (g, h) the 
morphology of HBPS3. 

Figure 5.3 shows the NiCo-LDH structure formed on carbon fibers coated with 

different SBS to CNT ratios after hydrothermal treatment. Figure 5.3 (a) shows the 

low-magnification surface morphology of pure carbon fiber. The fiber surface is smooth 

and has no obvious pore structure, reflecting the initial state of the fiber before coating. 

Figure 5.3 (b) is a magnified image to observe the microscopic details of the fiber. 

There is no porous network on the surface, and only the characteristic of partial 

nanowire deposition is identified. Figure 5.3 (c) is a further magnified image for the 

surface structure of the fiber, and the active site or nanowire structure is weak. This 

provides a comparative basis for subsequent modification under different SBS and CNT 

ratios. Figure 5.3 (d-f) shows the growth morphology of NiCo-LDH on the surface of 

HBPS1. Compared with HBPS0, the increase in CNT content significantly increases the 

number of active sites, forming a denser and evenly distributed nanowire network, 

almost covering the entire pore structure. The enlarged view of Figure 5.3 (e) further 

reveals that the nanowires are evenly distributed around the pores, which not only 

increases the specific surface area, but also provides a good channel for electrochemical 
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reactions. Figure 5.3 (f) shows the network structure of NiCo-LDH nanowires at a 

higher magnification. This dense and uniform distribution makes full use of the highly 

active sites provided by CNTs and lays the foundation for the electrochemical 

performance of the material. The HBPS1 sample exhibits an optimized pore and 

nanowire network structure, suggesting promising capabilities in facilitating ion 

transport and enhancing charge storage behavior. Figure 5.3 (g-i) shows the pore 

morphology of the NiCo@HBPS2 surface. As the CNT content further increases, the 

breath figure template loses its stability, resulting in partial collapse of the pore structure 

and non-uniform deposition of NiCo-LDH. The enlarged image of Figure 5.3 (h) shows 

that NiCo-LDH aggregates into blocks on the surface, forming an irregular distribution, 

which may affect the uniform transport of ions. Figure 5.3 (i) further enlarges to show 

a more chaotic distribution of nanowires. The random distribution of pores and active 

sites may reduce the overall electrochemical performance of the material. Figure 5.3 

(j-l) shows the surface morphology of the NiCo@HBPS3. Due to the excessive CNT 

content, the pore structure almost completely collapsed, causing NiCo-LDH to form an 

extremely irregular structure on the surface. The enlarged images of Figure 5.3 (k) and 

(l) show that NiCo-LDH mainly exists in the form of clusters and is difficult to form a 

uniform nanowire network. This irregular structure may significantly reduce the ion 

transport efficiency of the material while reducing the accessibility of electrochemically 

active sites. Figure 5.3 reveals the significant impact of different CNT to SBS ratios on 

the growth morphology of NiCo-LDH. NiCo@HBPS1 successfully achieved a uniform 

and dense nanowire network at a moderate CNT content, which combined with a 
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regular pore structure, significantly increased the specific surface area and the number 

of active sites, providing ideal conditions for electrochemical reactions. 

 
Figure 5.3 SEM images of NiCo-LDH on the Elastic carbon fibers cast with different 
SBS and CNT ratio solutions at different magnifications. (a-c) pure carbon fiber, (d-f) 
NiCo-LDH@ HBPS1, and (g-i) NiCo-LDH@ HBPS2, (j-l) NiCo-LDH@ HBPS3. 

 Figure 5.4 shows a detailed analysis of the elemental composition, chemical state, and 

nanostructure characteristics of the NiCo-LDH sample. In the full-range XPS spectrum 

(Figure 5.4 (a)), the characteristic peaks of Ni 2p, Co 2p, O 1s, and C 1s were clearly 

detected, indicating that nickel and cobalt elements were successfully introduced into 

the sample, verifying the successful synthesis of NiCo-LDH. Figure 5.4 (b) shows the 

high-resolution spectrum of Ni 2p, which shows two main peaks at 873.5 eV and 855.3 

eV, corresponding to Ni 2p1/2 and Ni 2p3/2, respectively. The deconvolution results of 

these peaks show the coexistence of Ni²⁺ and Ni³⁺ oxidation states in the sample, 

indicating that the sample has a multivalent nickel structure, which plays an important 

role in the redox reaction that enhances the electrochemical performance. Figure 5.4 

(c) shows the high-resolution spectrum of Co 2p, where the main peaks at 796.4 eV and 
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781.4 eV correspond to Co 2p1/2 and Co 2p3/2, respectively. By deconvolution, the 

presence of Co²⁺ and Co³⁺ oxidation states in the sample was further confirmed, and 

this multivalent cobalt also contributes to the improvement of electrochemical reactions. 

Figure 5.4 (d) shows a transmission electron microscopy (TEM) image, showing the 

nanowire structure of NiCo-LDH, with a diameter of about 30 nm, indicating that the 

nanowires have uniform morphology and size distribution. Figure 5.4 (e) shows the 

HR-TEM image, in which clear lattice fringes were observed in the high-resolution 

transmission electron microscopy (HR-TEM) image, which further verifies the crystal 

structure of NiCo-LDH. The element distribution map clearly shows the uniform 

distribution of Ni, Co and O in the nanowire structure (Figure 5.4 (f-i)). This uniform 

element distribution is essential to ensure the consistency of the electrochemical 

performance of the material and enhance its reactivity. Figure 5.4 comprehensively 

shows the chemical composition and nanostructure characteristics of the NiCo-LDH 

sample, verifying its uniform element distribution, multivalent characteristics and 

regular crystal structure.  
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Figure 5.4 (a) XPS survey spectrum of the NiCo-LDH sample. (b) High-resolution 
XPS spectrum of Ni 2p. (c) High-resolution XPS spectrum of Co 2p. (d) TEM image 
of NiCo-LDH. (e) HR-TEM image of the NiCo-LDH structure. (f-i) Elemental 
mapping displays the Ni, Co, and O distribution in the nanostructure. 

Figure 5.5 shows the electrochemical performance analysis of different samples. 

Figure 5.5(a) displays the cyclic voltammetry (CV) curves of HBPS, NiCo@HBPS, 

and pure carbon fiber samples at a scan rate of 20 mV/s, highlighting the 

electrochemical performance of each sample. Among all samples, NiCo@HBPS1 

exhibits the largest CV area, indicating its exceptional electrochemical performance. 

The improved electrochemical performance can be attributed to the uniform porous 

architecture and optimized distribution of NiCo-LDH nanowires, which facilitate more 

efficient charge storage and redox reactions. The curve area of NiCo@HBPS1 is the 

largest, indicating its best electrochemical performance, while the CV area of 

NiCo@HBPS2 and NiCo@HBPS3 is reduced due to the uneven distribution of NiCo-

LDH nanowires or the collapse of the pore structure. The CV curve area of 

NiCo@HBPS2, NiCo@HBPS3 and pure carbon fiber show a same area. For HBPS, 

especially HBPS1, the CV curve area gradually increases with the optimization of the 

porous structure and CNT content. The CV areas of HBPS2 and HBPS3 are smaller, 

indicating that the electrochemical performance is reduced, which may be due to the 

destruction or inhomogeneity of the pore structure. Figure 5.6 presents the cyclic 

voltammetry (CV) curves of NiCo@HBPS and HBPS samples at scan rates ranging 

from 2 mV/s to 50 mV/s, illustrating their electrochemical behavior. For NiCo@HBPS2 

(Figure 5.6(a)), the CV curves exhibit moderate redox activity, with distinct peaks that 

become less prominent at higher scan rates, reflecting limited charge transfer kinetics 
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likely caused by uneven NiCo-LDH distribution or partial pore collapse. NiCo@HBPS3 

(Figure 5.6(b)) displays further reduced CV areas and weaker redox peaks, indicative 

of structural degradation and lower accessibility of active sites. The HBPS samples 

exhibit overall poor electrochemical performance. HBPS0 (Figure 5.6(c)) shows typical 

EDLC behavior with minimal redox activity and a small CV area, reflecting low charge 

storage capability. Similarly, HBPS1 (Figure 5.6(d)), HBPS2 (Figure 5.6(e)), and 

HBPS3 (Figure 5.6(f)) all demonstrate limited electrochemical activity, attributed to 

structural inhomogeneities and pore collapse that hinder efficient charge transfer and 

storage. Figure 5.7 illustrates the cyclic voltammetry (CV) curves of pure carbon fiber 

at scan rates ranging from 2 mV/s to 50 mV/s. The CV curves show weak but 

discernible redox peaks, reflecting a combination of electrochemical double-layer 

capacitance (EDLC) behavior and minor pseudocapacitive contributions.  

Figure 5.5 (b) shows the constant current charge-discharge (GCD) curves of pure 

carbon fiber, HBPS, and NiCo@HBPS at a current density of 0.5 mA cm-². Compared 

with NiCo@HBPS1, the discharge time of NiCo@HBPS2 and NiCo@HBPS3 is 

significantly shorter and close to that of pure carbon fiber. This may be due to the 

uneven distribution of NiCo-LDH, resulting in insufficient active sites, or the collapse 

of the pore structure, which limits the ion transport and charge storage capacity. For the 

HBPS samples, the charge and discharge times of HBPS1, HBPS2, and HBPS3 are close, 

indicating that although their CNT contents are different, the destruction of the pore 

structure limits the further improvement of their electrochemical performance. 

Interestingly, the discharge time of HBPS0 is better than that of HBPS1, HBPS2, and 
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HBPS3, which may be due to the more regular pore structure of HBPS0, and its uniform 

pore distribution still provides an effective path for ion transport and charge storage, 

thus showing better electrochemical performance. Figure 5.8 (a-d) shows the 

galvanostatic charge-discharge (GCD) curves of pure carbon fiber and different sample 

of NiCo@HBPS at different current densities (0.5, 1, 2, 5, 10 mA cm-²). As the current 

density increases, the discharge time of each sample gradually shortens, but 

NiCo@HBPS1 exhibits the longest discharge time at all current densities, indicating its 

highest energy storage capacity and favorable rate performance under varying current 

densities. In comparison, the discharge time of pure carbon fiber is significantly shorter, 

reflecting its limited energy storage capacity. The discharge time of NiCo@HBPS2 and 

HBPS3 is shorter than that of NiCo@HBPS1, which further verifies the importance of 

the integrity of the pore structure and the uniformity of NiCo-LDH distribution to the 

energy storage performance. The Nyquist plots of pure carbon fiber, HBPS, and 

NiCo@HBPS show the characteristics of electrochemical impedance spectroscopy 

(Figure 5.5 (c)). NiCo@HBPS1 shows a smaller semicircle in the high-frequency 

region, indicating its lower charge transfer resistance (Rct) and higher conductivity. In 

the low-frequency region, NiCo@HBPS1 shows a steeper slope, indicating that its ion 

diffusion capacity is enhanced, which helps to improve the overall electrochemical 

performance. Figure 5.5 (d) shows the CV curves of NiCo@HBPS1 at different scan 

rates (2 mV/s to 50 mV/s). As the scan rate increases, the redox peaks move 

symmetrically in the positive and negative directions, suggesting that the electrode 

maintains favorable redox reversibility with increasing scan rate. At lower scan rates 
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(such as 2 mV/s), the peaks are more obvious, reflecting that the pseudocapacitive 

behavior is mainly controlled by diffusion. Figure 5.5 (e) shows the logarithmic fitting 

curve of the peak current density and scan rate of NiCo@HBPS1. The slopes 

corresponding to the two peaks are 0.6951 and 0.5762, respectively, indicating that the 

electrochemical behavior is dominated by the diffusion-controlled process. As the 

current density increases, the GCD curves of NiCo@HBPS1 at different current 

densities (0.5–10 mA cm-²) show that the discharge time gradually decreases, but its 

overall charge and discharge curve remains symmetrical, indicating a high Coulombic 

efficiency (Figure 5.5 (f)). This performance is owing to the synergistic effect of NiCo-

LDH and CNT, where the porous network structure provides an efficient ion diffusion 

path, while the uniformly distributed NiCo-LDH nanowires increase the contribution 

of pseudocapacitive behavior. In the CV curve of NiCo@HBPS1 at 10 mV/s (Figure 

5.5 (g)), the shaded part indicates that the diffusion control process accounts for about 

53%. This indicates that at a lower scan rate, ions can penetrate into the porous structure 

and participate in the redox reaction. Figure 5.5 (h) is a comparison of the specific 

capacitance of different samples at a current density of 0.5 mA/cm². The NiCo@HBPS1 

exhibits the highest specific capacitance, reaching 334.1 mF/cm, which is mainly owing 

to its uniform pore structure and optimized distribution of NiCo-LDH nanowire 

network, which provides sufficient active sites and ion transport channels. In contrast, 

the specific capacitance of NiCo@HBPS2 and NiCo@HBPS3 is lower than that of 

NiCo@HBPS1, and is similar to that of pure carbon fiber. The specific capacitance of 

the HBPS samples are much lower than that of the NiCo@HBPS samples, indicating 
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that the introduction of NiCo-LDH nanowires is crucial to improving the 

electrochemical performance. Figure 5.5 (i) shows the contribution ratio of diffusion-

controlled and surface-controlled capacitance of NiCo@HBPS1 at different scan rates. 

At a lower scan rate (2 mV s-1), the diffusion control ratio is about 68%, indicating that 

ions can fully penetrate the porous structure to participate in the electrochemical 

reaction; at a higher scan rate (50 mV s-1), the surface control ratio increases to 91%, 

indicating that charge storage is mainly concentrated on the electrode surface. 
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Figure 5.5 Electrochemical performance of different sample. (a) CV curves of pure 
carbon fiber, HBPS and NiCo@HBPS. (b) GCD curves of pure carbon fiber, HBPS and 
NiCo@HBPS at 0.5 mA cm⁻². (c) Nyquist plots of pure carbon fiber, HBPS and 
NiCo@HBPS, the inset shows the magnified high-frequency region. (d) CV curves of 
NiCo@HBPS1 at varying scan rates. (e) Log-log plot of peak current density vs. scan 
rate for NiCo@HBPS1. (f) GCD curves of NiCo@HBPS1 at different current densities. 
(g)  CV curves of NiCo@HBPS1 at 10 mV s⁻1, shaded area of diffusion-controlled 
contribution. (h) Specific capacitance of NiCo@HBPS1 as a function of discharge 
current density. (i) Contribution of diffusion-controlled and surface-controlled 
capacitance for NiCo@HBPS1 at different scan rates. 

 
Figure 5.6 Cyclic voltammetry (CV) curves of HBPS and NiCo@HBPS at various scan 
rates (2 mV/s to 50 mV/s). (a) NiCo@HBPS2, (b) NiCo@HBPS3, (c) HBPS0, (d) 
HBPS1, (e) HBPS2, and (f) HBPS3.  
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Figure 5.7 Cyclic voltammetry (CV) curves of pure carbon fiber.  

 
Figure 5.8 Galvanostatic charge-discharge (GCD) curves of pure carbon fiber and 
NiCO@HBPS at different current densities (0.5, 1, 2, 5, and 10 mA cm⁻²).(a) 
NiCo@HBPS2, (b) NiCo@HBPS3, (c) HBPS0, (d) pure carbon fiber.  

Figure 5.9 shows the electrochemical performance of symmetric supercapacitors 

based on NiCo@HBPS1 electrodes. Figure 5.9 (a) shows the cyclic voltammetry (CV) 

curves of NiCo@HBPS1 electrodes as the negative electrode (0 ~ 0.5 V) and the 

positive electrode (-0.9 ~ 0 V). The presence of distinct redox peaks in the curves 

suggests that the supercapacitor combines double-layer capacitance (EDLC) and 

pseudocapacitance characteristics, demonstrating the effective electrochemical activity 

of the NiCo-LDH and CNT composites. Figure 5.9 (b) shows the CV curves of the 

symmetric supercapacitor at different voltage windows (0.6 V to 1.35 V) under a scan 

rate of 20 mV/s. The curve maintains a quasi-rectangular shape, accompanied by the 

appearance of redox peaks, reflecting the enhancement of pseudocapacitive behavior. 

As the voltage window increases, the current response also increases accordingly, 

indicating that the supercapacitor has good energy storage capacity at higher voltages. 

At a constant current density (0.2 mA/cm²), Figure 5.9 (c) shows the constant current 
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charge-discharge (GCD) curves at different voltage windows. The curves are quasi-

triangular with an IR-drop and slight deviations from perfect symmetry, reflecting 

mixed capacitive/pseudocapacitive behavior and some polarization resistance; 

nevertheless, the charge–discharge process remains largely reversible, confirming 

acceptable coulombic efficiency. As the voltage window increases, the discharge time 

gradually increases, further demonstrating its energy storage capacity at high voltage. 

Figure 5.9 (d) shows the GCD curves at a fixed voltage (1.35 V) under different current 

densities. As the current density increases from 0.2 mA/cm² to 5 mA/cm², the discharge 

time gradually decreases, but the charge-discharge curves remain symmetrical, 

indicating that the device has high rate performance. Figure 5.9 (e) shows the 

relationship between specific capacitance and discharge current density. When the 

current density increases from 0.2 mA/cm² to 5 mA/cm², the specific capacitance 

gradually decreases from 18.37 mF/cm² to 7.4 mF/cm². This trend shows that the 

supercapacitor can still maintain good rate performance at high current density. 

Compared with recently reported fiber/yarn-based supercapacitors and other all-solid-

state supercapacitors in terms of areal energy density, our device showed a prominent 

performance in energy storage, The NiCo-LDH device delivered a high energy density 

of 14.8 µWh cm-2 at a power density of 4.1 mW cm–1, which was higher than its 

counterparts206–213 (Table 5.1). Figure 5.9 (f) shows the GCD curves at 0.2 mA/cm² 

comparing the original device and the stretched state (30% and 80%). The charge and 

discharge curves of the stretched device are almost the same as the original device, 

indicating that the device can retain its structural integrity and favorable 
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electrochemical behavior under mechanical deformation. This performance is 

attributed to the elastic fiber support of the porous layered structure, which can provide 

effective ion transport channels under stretching. 

 
Figure 5.9 Electrochemical performance of the symmetric supercapacitor based on 
NiCo@HBPS1 electrodes. (a) CV curves of sample I as negative and positive. (b) CV 
curves at different voltages and a scan rate of 20 mV s⁻¹. (c) Galvanostatic charge-
discharge (GCD) curves at different voltages with a constant current density of 0.2 mA 
cm⁻². (d) GCD curves at varying current densities at 1.35V. (e) Specific capacitance as 
a function of discharge current density. (f) GCD curves at 0.2 mA cm⁻², comparing the 
performance of the original device and the device under stretch (30% and 80%).  
Table 5.1 Comparison of electrode materials for fiber supercapacitors. 

Electrode materials 
Energy Density 

(E) 
Power Density 

(P) 
Ref. 

reduced graphene oxide/polypyrrole 

composite 
11 µWh cm⁻² 0.03 mW cm⁻² 206 

reduced graphene oxide/CNT 3.84 µWh cm⁻² 0.02 mW cm⁻² 207 

PET/Au/ conductive metal-organic 

framework 
5.41 µWh cm⁻² 0.034 mW cm⁻² 208 



 155 

reduced graphene oxide 6.8 µWh cm⁻² 0.17 mW cm⁻² 209 

PPy/PEDOT:PSS 22.7 µWh cm⁻² 2 mW cm⁻² 210 

PEDOT:PSS 15.73 µWh cm⁻² 0.4 mW cm⁻² 211 

MXene ink 0.32 µWh cm⁻² 0.11 mW cm⁻2 212 

PEDOT:PSS/Ag  nanofibers 0.09 µWh cm⁻² 0.93 mW cm⁻² 213 

NiCo-LDH nanowires 14.8 µWh cm⁻²  4.1 mW cm⁻²  
This 
work 

 

5.4 Conclusion 

This study developed a new type of symmetrical all-solid-state supercapacitor 

based on NiCo-LDH@HBPS fiber. Through the core yarn structure and the breathing 

pattern method under high humidity conditions, a high-performance flexible electrode 

material with a hierarchical wrinkled porous structure was successfully constructed. 

The study showed that at a voltage of 1.35 V, the supercapacitor had a specific 

capacitance of up to 18.37 mF/cm² at a current density of 0.2 mA cm-1, and could 

maintain its electrochemical performance almost unchanged under a tensile strain of up 

to 80%, indicating good flexibility and structural stability. The results of this study not 

only verified the key role of the synergistic effect of NiCo-LDH and hierarchical porous 
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structure in improving the electrochemical performance of supercapacitors, but also 

demonstrated its practical application potential in wearable electronic devices and smart 

textiles. This study provides new design ideas and technical references for the future 

development of high-performance, flexible and stretchable energy storage systems. 
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Chapter 6 Hierarchically Porous NiCo-LDH@CNT/SBS 

Composites for High-Performance Stretchable 

Supercapacitors in Wearable Electronics 

6.1 Introduction 

The rapid adoption of wearable electronic devices, including health monitors, e-

textiles, and fitness trackers, has significantly increased the demand for flexible, 

stretchable, and durable energy storage systems214,215. Supercapacitors have garnered 

considerable attention among various energy storage technologies owing to their high-

power density, fast charge-discharge capability, and long cycle life216,217. However, 

integrating traditional supercapacitors with wearable devices is challenging because 

these devices tend to lose energy storage capacity when subject to mechanical 

deformations such as bending, twisting, or stretching111,218,219. Therefore, stretchable 

supercapacitors that can maintain their electrochemical performance under deformation 

have become a focal point of research. 

To meet the stringent mechanical and electrochemical requirements of wearable 

electronics, advanced material matchings and innovative structures have been designed 

to provide flexibility and energy storage. Carbon-based materials220, particularly carbon 

nanotubes (CNTs)221 and carbon fibers222, have become indispensable in this field 

owing to their superior electrochemical double-layer (EDLC) energy storage nature, 

mechanical strength, and structural versatility. However, the energy storage capacity of 

carbon-based materials still needs to be improved due to the ion adsorption and 

desorption characteristics of EDLC. When combined with pseudocapacitive materials 
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like transition metal oxides (e.g., MnO₂) or conductive polymers (e.g., polyaniline), 

these hybrid systems can achieve higher energy storage capacity while maintaining the 

mechanical flexibility of carbon-based substrates223,224. For instance, fabric-shaped 

supercapacitors made from a rubber-like stretchable hybrid CNT film exhibited 

remarkable stretchability, retaining their capacitance under strains as high as 134%225. 

Flexible fiber-shaped CNT supercapacitors have improved the performance of 

elastomeric supercapacitors with a coiled MnO2-biscrolled CNT yarn226. Despite these 

hybrid materials providing good flexibility, they still suffer from decreased capacitance 

under repeated or extreme stretching227. Additionally, although pseudocapacitive 

materials effectively enhance energy storage, the properties tend to degrade over time 

due to cycling fatigue, especially in highly stretchable systems. Therefore, achieving 

high electrochemical performance while maintaining mechanical durability under high 

continuity and extreme strain remains unresolved. 

 Nickel-cobalt layered double hydroxide (NiCo-LDH) has emerged as a superior 

pseudocapacitive material to conventional transition metal oxides or conductive 

polymers228–230. Owing to highly efficient faradaic activity, NiCo-LDH offers some 

active sites for redox reactions to boost energy storage capacity. Additionally, the 

layered structure of NiCo-LDH facilitates ion transport, improving charge storage 

efficiency. Compared with other transition metal oxides, NiCo-LDH also exhibits better 

mechanical flexibility, making it an ideal pseudocapacitive material candidate for 

stretchable supercapacitors. For example, a represented stretchable supercapacitor 

composed of MnO₂-deposited nylon/CNT fibers exhibited poor cycling stability, 
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reduced conductivity, and a 15% decrease in capacitance when stretched to 150% 

strain231. 

In contrast, the combination of NiCo-LDH with Ti3C2Tx enhances the 

electrochemical performance and significantly improves mechanical stability, 

particularly under dynamic deformation conditions232,233. Recently, hierarchical porous 

structures have been proven to effectively increase the electrode surface area234–236, 

thereby improving both charge storage capacity and ion diffusion, while maintaining 

excellent mechanical flexibility of the electrode system. Additionally, stretchable 

supercapacitors may be able to regain their electrochemical properties after being 

stretched thanks to elastic materials. This would extend their useful life under high 

continuity and extreme strain 237,238.  

Herein, styrene-butadiene-styrene (SBS) was combined with CNTs for casting 

onto pre-stretched carbon fabric using the breath figure (BF) method under high-

humidity conditions. This BF technique utilizes evaporative cooling to induce the 

condensation of water droplets on the material's surface, which then self-assemble into 

an ordered microstructure that acts as a dynamic template. The unique process resulted 

in a hierarchically, buckled, porous structure on the surface of the carbon fabric, which 

is crucial for the hydrothermal growth of NiCo-LDH. A novel stretchable electrode 

with hierarchical porous architecture was formed by using CNT/SBS as the stretchable 

skeleton for NiCo-LDH loading, achieving a synergistic improvement in the 

electrochemical performance and stretchability of the stretchable supercapacitor. Under 

an 80% tensile strain, the supercapacitor retains 94% of its initial capacitance, 
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showcasing excellent mechanical resilience and energy storage stability. In cyclic 

stability tests, the device demonstrated less than 8% degradation in capacitance over 

20,000 charge-discharge cycles, further highlighting its long-term durability. 

Additionally, the specific capacitance of the device reaches up to 4948 mF cm⁻² at 2 

mA cm⁻², illustrating superior energy storage capability compared to conventional 

flexible energy storage systems.	 The combination of high flexibility, stable 

electrochemical properties, and strong cycling stability under dynamic conditions 

makes this stretchable supercapacitor a competitive candidate for next-generation 

wearable technology applications such as health monitoring and smart textiles. 

6.2 Experimental Section  

6.2.1 Materials 

The following materials were used for the experiments: polystyrene-block-

polybutadiene-block-polystyrene (SBS), multi-walled carbon nanotubes (MWCNTs), 

chloroform (CHCl₃), cobalt(II) sulfate hexahydrate (CoSO₄·6H₂O), nickel(II) sulfate 

hexahydrate (NiSO₄·6H₂O), potassium hydroxide (KOH), sodium dodecylbenzene 

sulfonate (SDBS), acrylamide, N,N′-methylene-bisacrylamide (BMAA), potassium 

persulfate (KPS), tetramethylethylenediamine (TEMED), and 3K carbon fibers	were 

purchased from Sigma-Aldrich. All reagents were of analytical grade and used without 

further purification. 

6.2.2 Fabrication of conductive buckled porous carbon fabrics 

A 2×2 twill knitted of 3K carbon fibers was prepared to ensure sufficient elasticity 
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of the fabric. The knitted carbon fabrics were then subject to solution casting. The 

casting solution was a mixture of SBS/CHCl₃ (200 mg/mL) and CNT/CHCl₃ (40 

mg/mL) in varying ratios. The three ratios used for solution casting were 200 mg/mL 

SBS/CHCl₃ : 40 mg/mL CNT/CHCl₃ = 1:1, 1:2, and 1:3. Before casting, the carbon 

fabrics were pre-stretched to induce a buckled structure. The solutions were then cast 

onto the stretched carbon fabrics, allowing interfacial self-assembly the formation of a 

buckled porous structure through the breath figure method under high-humidity 

conditions (humidity >90%). After casting, the samples were dried completely at room 

temperature, then the fibers were removed and subjected to annealing and drying at 

90°C.	 The resulting samples were labeled based on the casting solution 

used: CNT1SBS1@F, CNT2SBS1@F, and CNT3SBS1@F. 

6.2.3 Preparation of NiCo-LDH coated the different CNTaSBSb@F 

The buckled porous carbon fabrics samples (CNT1SBS1@F, CNT2SBS1@F, and 

CNT3SBS1@F) were fully dried, and they were subject to hydrothermal treatment to 

grow NiCo-LDH nanostructures on the surface. The hydrothermal process was carried 

out at 120°C for 12 hours. The hydrothermal solution consisted of varying 

concentrations of cobalt (II) sulfate hexahydrate, nickel (II) sulfate hexahydrate, urea, 

and SDBS. Three different solutions were prepared: 20 mM CoSO₄·6H₂O, 20 mM 

NiSO₄·6H₂O, excess urea, and 0.1 wt% SDBS; 20 mM CoSO₄·6H₂O, 40 mM 

NiSO₄·6H₂O, excess urea, and 0.1 wt% SDBS; 40 mM CoSO₄·6H₂O, 20 mM 

NiSO₄·6H₂O, excess urea, and 0.1 wt% SDBS, respectively. After the hydrothermal 

treatment, the resulting samples were labeled according to the NiCo-LDH coating 
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applied to the original porous carbon fabrics. The samples prepared with solution (20 

mM CoSO₄·6H₂O, 40 mM NiSO₄·6H₂O) on the CNT2SBS1@F scaffold were 

named Ni20Co40 LDH@CNT2SBS1@F, where the total mass loading of NiCo-LDH 

nanoflakes was approximately 2 mg cm⁻². The other samples were labeled as Ni20Co20 

LDH@CNT1SBS1@F and Ni40Co20 LDH@CNT3SBS1@F, respectively. 

6.2.4 Fabrication of the all-solid-state symmetric supercapacitor 

The gel electrolyte was prepared by dissolving 2.5 g of acrylamide and 2.5 mg of 

BMAA in 10 mL of deionized water. This solution added 0.06 g of KPS and 5 µL of 

TEMED under constant stirring at room temperature. Once homogeneous, 10 mL of 6 

M KOH solution was rapidly added to form a pre-gel electrolyte solution.	 The 

prepared Ni20Co40-LDH@CNT2SBS1@F electrodes were immersed in the gel 

electrolyte for 30 seconds to ensure uniform absorption. The samples were then allowed 

to solidify at 50°C for 30 minutes. This process was repeated 2-3 times to ensure a 

uniform coating of the gel electrolyte on the fibers. After the final coating, the samples 

of two same-coated gel Ni20Co40-LDH@CNT2SBS1@F were assembled into 

symmetric supercapacitors and stored at room temperature for full solidification. 

6.2.5 Characterization 

To comprehensively analyze the samples of NiCo@CNTSBS@F, CNTSBS@F 

and fabrics, several characterization techniques were employed. Their air permeabilities 

under different stretching states will be also measured by air-permeability tester. 

Scanning electron microscopy (SEM) was performed using a Tescan MIRA field 
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emission SEM to examine surface morphology, coupled with energy-dispersive X-ray 

spectroscopy (EDX) to map the elemental distribution. High-resolution transmission 

electron microscopy (HRTEM) was conducted on a JEOL JEM-2010 to observe 

nanostructures and lattice fringes. X-ray photoelectron spectroscopy (XPS) was carried 

out with a Thermo Scientific Nexsa G2 system to analyze elemental composition and 

oxidation states. The XRD pattern was performed on a Bruker X-ray diffractometer (D8 

Advance) with Cu Kα radiation. The electrochemical performance of the fabricated 

supercapacitors (NiCo @CNTSBS@F, size 1*1cm) and the all-solid-state symmetric 

supercapacitor were tested via an electrochemical workstation instrument (CHI 660E, 

shanghai chenhua instrument Co., Ltd.) The NiCo @CNTSBS@F samples as a 

working electrode were evaluated using a three-electrode system in a 3 M KOH 

aqueous electrolyte. A graphite plate and a saturated calomel electrode served as the 

counter and reference electrodes, respectively. Cyclic voltammetry (CV), galvanostatic 

charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) were 

employed to characterize the capacitive behavior, rate performance, and impedance 

characteristics of the supercapacitor. The cycling stability of the supercapacitors was 

evaluated through continuous GCD cycling at 20 mA cm⁻² for 5000 cycles and 20,000 

cycles, in the gel and solution electrolytes.  Specific capacitances were calculated 

from the GCD profiles using the following equation: 

𝐶 = #∗∆&
∆'

 

where I is the discharge current (mA cm-2), Δt is the discharge time (s), and ΔV is the 

potential window(V). 
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The energy density (E) and power density (P) were calculated using the following 

equations: 

𝐸 =
1
2 ∗ 𝐶 ∗

𝑈(

3600 

 

𝑃 =
𝐸 ∗ 3600

∆𝑡  

where U and Δt are the voltage window (V) and the discharging duration (s), 

respectively. 

6.3 Results and Discussion 

In the preparation process of supercapacitor, to enhance the stretchability and 

flexibility of the carbon fabrics, the carbon fiber was initially knitted into the carbon 

fabrics (Figure 6.1 (a)). This knitted fabrics involved forming a flexible 2×2 twill 

structure through a knitted carbon fiber arrangement, which enhanced the material's 

ability to deform under external forces and allowed it to endure more significant levels 

of stretching and bending. To obtain a large specific surface area and hierarchically 

buckled porous structure fabrics (HBPFSs), the pre-stretched carbon fabrics were 

coated with a mixture of different radio of SBS/CHCl3 and CNT/CHCl3 solutions 

(named CNTaSBSb@F) and processed under a high-humidity environment using the 

BF Method167,239 (Figure 6.1 (b)). This technique utilizes evaporative cooling to induce 

the condensation of water droplets on the material's surface. These water droplets self-

assemble into an ordered microstructure, acting as a dynamic template that facilitates 

the formation of an ordered porous network of SBS/CNT on the fabric surface (Figure 

6.1 (d)). The elasticity of SBS provides the composite material with excellent durability 
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and mechanical stability240, while CNT establishes a continuous conductive pathway241. 

Following the formation of the porous conductive fabric, hydrothermal treatment was 

applied to induce the growth of different contents ratios of nickel-cobalt layered double 

hydroxide (NiCo-LDH) nanostructures (named NixCoy LDH@CNTaSBSb@F) (Figure 

6.1 (c)). NiCo-LDH is recognized for its considerable electrochemical activity and ion 

exchange properties. Through hydrothermal synthesis, NiCo-LDH nanosheets are 

uniformly deposited across both the surface and inner pores of the SBS/CNT porous 

composite (Figure 6.1 (e)), resulting in a hierarchical structure that further enhances 

the material's specific surface area and active sites242,243. In the molecular and chemical 

structure of CNTs combined with NiCo-LDH (Figure 6.1 (f) and (g)), the distinctive 

configuration of NiCo-LDH nanowires effectively facilitates charge transfer and 

accelerates ion diffusion244,245, which improves the capacitor's fast charge-discharge 

performance. Additionally, the mechanical interlocking provided by the porous network 

substantially strengthens the adhesion between NiCo-LDH nanosheets and the substrate, 

ensuring stability and minimizing detachment throughout repeated charge-discharge 

cycles246,247. 
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Figure 6.1 Schematic and mechanism illustration of the formation process of NixCoy 
LDH@CNTaSBSb@F. (a) Modified knitting fabrics. (b) Hierarchically buckled porous 
structure formation of CNTaSBSb on the knitted fabric. (c) NixCoy LDH growth on the 
CNTaSBSb@F. (d) CNTaSBSb@F magnified image. (e) NixCoy LDH@CNTaSBSb@F 
magnified image.The schematic molecular model (f) and chemical structure (g) of 
CNTs combined with NiCo-LDH. 

SEM images are used to track the hierarchical porous structures of carbon fabrics 

with varying ratios of SBS/CHCl₃ and CNT/CHCl₃ solutions. At a 1:1 ratio 

of SBS/CHCl₃ to CNT/CHCl₃ solutions to form CNT1SBS1 @ F (Figure 6.2 (a), (b)), 

the SBS matrix dominates the formation of the porous structure through the breath 

figure template, resulting in a relatively regular and uniform porous network with large 

and evenly distributed pores across the carbon fabric surface. The low CNT content at 

this ratio does not significantly impact the pore formation, as SBS remains the primary 

factor in stabilizing the structure. The SBS matrix provides sufficient support to 

maintain a smooth and consistent porous structure, critically for subsequent material 

deposition.	When the ratio of SBS/CHCl₃ to CNT/CHCl₃ increases to 1:2, the pore size 

decreases, and the structure of CNT1SBS1 @ F becomes more densely packed (Figure 
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6.2 (c), (d)). While the breath figure method is still effective at this ratio, the reduced 

SBS content leads to less stabilization of the pore network, making the structure slightly 

less orderly than the 1:1 ratio. The CNTs begin to play a more prominent role in forming 

the backbone of the porous structure, but the reduction of the SBS matrix compromises 

the regularity of the pores.	When the ratio of SBS/CHCl₃ to CNT/CHCl₃ increases 

further to 1:3 (Figure 6.2 (e), (f)), the SBS matrix on the carbon fabrics is no longer 

sufficient to stabilize the breath figure process. The excess CNT content destabilizes 

the solution, disrupting the water droplet template and resulting in irregular or absent 

pores. These results suggest that a proper balance between SBS/CHCl₃ 

and CNT/CHCl₃ solutions is crucial for achieving a stable and regular porous network. 

Excessive CNT content, while potentially increasing electrical conductivity, can 

negatively impact pore formation, which may affect ion diffusion and charge transport.  

 
Figure 6.2 SEM images of different SBS and CNT ratios solution coatings on carbon 
fabric substrates at varying magnifications. (a, b) the morphology of CNT1SBS1 @ F, 
(c, d) the morphology of CNT2SBS1 @ F, (e, f) the morphology of CNT3SBS1 @ F. 

The NiCo-LDH growth on carbon fabrics with different ratios 

of SBS/CHCl₃ and CNT/CHCl₃ solutions after hydrothermal treatment is also studied 
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with SEM images (Figure 6.3).  Figure 6.3 (a-c) represent the SEM images of 

Ni20Co40 LDH@CNT1SBS1@F, where large and evenly distributed pores are observed 

on the carbon fabric surface, but NiCo-LDH growth is relatively sparse, indicating that 

the available CNT nucleation sites are limited at this ratio. The lower CNT content does 

not provide sufficient active sites for extensive NiCo-LDH deposition.	The Ni20Co40-

LDH @ CNT2SBS1@ F shows denser and more uniformly distributed NiCo-LDH 

growth. In Figure 6.3 (d), the increased CNT content provides more nucleation sites 

for NiCo-LDH growth, resulting in a denser network of nanowires across the porous 

structure. The enhanced distribution of NiCo-LDH nanowires in Figure 6.3 (e) further 

demonstrates that a higher CNT content can improve the material's surface area, making 

it more favorable for electrochemical reactions. Figure 6.3 (f) illustrates that the NiCo-

LDH layer covers a significant portion of the carbon fabric with a well-developed 

nanowire structure, suggesting more electrochemically active sites than the lower CNT 

content samples.	However, at the highest CNT/CHCl₃ to SBS/CHCl₃ ratio of 3:1, the 

Ni20Co40 LDH @ CNT3SBS1 @ F exhibits an irregular porous structure. As seen 

in Figure 6.3 (g), the excess CNT content disrupts the breath figure template, leading 

to the collapse of the pore structure and uneven growth of NiCo-LDH. Figure 6.3 (h), 

(i) show that NiCo-LDH aggregates on the surface, forming clumps that may hinder 

uniform ion transport. The destabilized pore structure and irregular nanowire growth 

can potentially reduce the material's electrochemical performance, as the distribution 

of active sites becomes less optimal. In conclusion, the Ni20Co40 

LDH@CNT2SBS1@F exhibits the best porous structure and the most uniform NiCo-
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LDH growth. The higher CNT content provides more growth sites, resulting in a denser 

nanosheet structure, which is expected to enhance electrochemical performance.  

The influence of Ni and Co concentrations on the morphology of NiCo-LDH 

growth on the CNT2SBS1 @ F substrate is further investigated. At equal concentrations 

of Ni²⁺ and Co²⁺ (20 mM each, Figure 6.4 (a), (b)), the Ni20Co20 LDH @ CNT2SBS1 

@ F shows well-ordered NiCo-LDH nanowires forming across the porous structure. 

The uniform distribution of these nanowires creates heavy active sites for 

electrochemical reactions, and the porous network remains intact, which is crucial for 

effective ion transport243. As the Co concentration increases to 40 mM (Figure 6.4 (c), 

(d)), the sample Ni20Co40 LDH @ CNT2SBS1 @ F exhibits denser nanowire growth, 

with smaller pore sizes, enhancing the surface area available for electrochemical 

activity. The compact arrangement of these nanowires provides an ideal balance 

between maintaining the porous structure and maximizing the number of active sites.	

In contrast, when the Ni²⁺ concentration is increased to 40 mM (Figure 6.4 (e), (f)), t 

the excessive NiCo-LDH Ni40Co20 LDH on the CNT2SBS1 @ F shows a nanosheet 

architecture instead of a nanowire structure, almost completely covering the original 

porous substrate. This dense layer of nanosheets obscures the underlying pore network, 

potentially reducing the accessibility of the electrochemically active sites and hindering 

ion diffusion. Fortunately, the air permeability of all samples without stretching reached 

100mL/s, and the air permeability became larger after stretching. These results 

highlight the importance of controlling the Ni²⁺ and Co²⁺ concentrations to preserve the 

porous architecture while optimizing the nanostructure morphology for electrochemical 
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applications. EDX elemental mappings confirm the uniform distribution of Ni, Co, and 

O throughout the CNT2SBS1@ F substrate. Figure 6.5 (a-c) correspond to the 

samples Ni20Co20 LDH @ CNT2SBS1 @ F, Ni20Co40 LDH @ CNT2SBS1@F, 

and Ni40Co20 LDH@CNT2SBS1@F, respectively. The elemental mappings demonstrate 

that Ni and Co are evenly distributed across the surface of the porous structure, ensuring 

that the NiCo-LDH nanowires/nanosheets are uniformly integrated throughout the 

substrate. 
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Figure 6.3 SEM images of NiCo-LDH on the carbon fabric cast with different SBS and 
CNT ratio solutions at different magnifications. (a-c) Ni20Co40 LDH @ CNT1SBS1 @ 
F, (d-f) Ni20Co40 LDH@CNT2SBS1@F, and (g-i) Ni20Co40 LDH@CNT2SBS1@F. 

 
Figure 6.4 Micromorphology characterization of the growth and distribution of NiCo-
LDH under the CNT2SBS1@F hydrothermal different Ni₂SO₄ and Co₂SO₄ mixed 
solutions. (a, b) different magnified typical SEM image of Ni20Co20 LDH @ CNT2SBS1 

@ F, (c, d) different magnified typical SEM image of Ni20Co40 LDH@CNT2SBS1@F, 
and (e, f) different magnified typical SEM image of Ni40Co20 LDH@CNT2SBS1@F. 

 
Figure 6.5 EDX elemental mappings for the three samples: (a-a3) Ni20Co20 
LDH@CNT2SBS1@F, (b-b3) Ni20Co40 LDH@CNT2SBS1@F, and (c-c3) Ni40Co20 
LDH@CNT2SBS1@F. 

X-ray photoelectron spectroscopy (XPS) is used to analyze the elemental 

composition and chemical states of the as-prepared NiCo-LDH of Ni20Co40 

LDH@CNT2SBS1@F. In the overall survey spectrum (Figure 6.6 (a)), distinct peaks 

corresponding to Ni 2p, Co 2p, O 1s, and C 1s confirm the presence of Ni and Co, 

verifying the successful formation of NiCo-LDH. High-resolution XPS spectra further 

reveal detailed information about the oxidation states of Ni and Co. The Ni 2p spectrum 
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(Figure 6.6 (b)) displays two main peaks at binding energies of 873.5 eV and 855.3 eV, 

corresponding to Ni 2p1/2 and Ni 2p3/2, respectively. The satellite peaks and 

deconvoluted components also indicate the coexistence of Ni²⁺ and Ni³⁺ oxidation states. 

The Co 2p spectrum (Figure 6.6 (c)) shows characteristic peaks at 796.4 eV (Co 2p1/2) 

and 781.4 eV (Co 2p3/2), with deconvolution revealing the presence of Co²⁺ and Co³⁺. 

The NiCo-LDH structure is composed of a mixed valence of Ni and Co, which is crucial 

for enhancing the redox reactions in energy storage applications.	The high-resolution 

transmission electron microscopy (HR-TEM) images provide further insights into the 

nano-structural features of the NiCo-LDH. Figure 6.6 (d) shows a well-defined 

nanowire structure, and the diameter is approximately 40 nm. The lattice fringes 

observed in Figure 6.6 (e) correspond to an interplanar spacing of 0.467 nm, indexed 

to the (003) plane of LDH. Figure 6.7 presents the X-ray diffraction (XRD) pattern of 

Ni20Co40 LDH. The characteristic peaks at 11.3°, 33.5°, 34,4° and 61.3° are detected, 

which are attributed to the crystal planes of (003), (101), (012), and (113), respectively. 

Elemental mapping (Figure 6.6 (f)) further confirms the homogeneous distribution of 

Ni, Co, and O throughout the nanowire. 
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Figure 6.6 (a) XPS survey spectrum of the NiCo-LDH sample. (b) High-resolution 
XPS spectrum of Ni 2p. (c) High-resolution XPS spectrum of Co 2p. (d) TEM image 
of NiCo-LDH. (e) HR-TEM image of the NiCo-LDH structure. (f) Elemental mapping 
displays the Ni, Co, and O distribution in the nanostructure. 

 

Figure 6.7 X-ray diffraction (XRD) image of Ni20Co40 LDH@CNT2SBS1@F. 

The electrochemical performance of the prepared fabrics is systematically 

investigated by a standard three-electrode system in 3M KOH solution, including cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS). The NiCo-LDH growth fabrics, including Ni20Co40 

LDH@CNT2SBS1@F, Ni20Co40 LDH@CNT1SBS1@F, Ni20Co40 

LDH@CNT3SBS1@F, Ni40Co20 LDH@CNT2SBS1@F, and Ni20Co20 

LDH@CNT2SBS1@F are named as I, II, III, IV, and V, respectively. The fabrics without 

NiCo-LDH growth, including pure knitted carbon fabric, CNT3SBS1@F, 
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CNT1SBS1@F, SBS@F, and (X) CNT2SBS1@F are named as VI, VII, VIII, IX, and X, 

respectively. The CV curves (Figure 6.8 (a) and 6.9) for the as-prepared fabrics at 10 

mV s⁻¹ present rectangular shapes with obvious redox peaks, revealing the combination 

of EDLC characteristic of CNTs and pseudocapacitive nature of NiCo-LDH. Among 

the NiCo-LDH fabrics, sample I exhibits the highest current response and the largest 

enclosed CV area, indicating the best electrochemical performance owing to its well-

defined, uniformly buckled and porous structure, which facilitates the optimal growth 

of NiCo-LDH nanowires. As the sample progresses to V, there is a noticeable reduction 

in both the current response and the CV area, signifying a gradual decrease in 

capacitance. This is due to the excessive dosage of NiCo-LDH nanosheets with uneven 

distribution or insufficient NiCo-LDH nanowires on the porous structure of the knitted 

fabric substrate. For the fabrics without NiCo-LDH growth, the current response and 

the CV area are greatly reduced, becoming almost identical. These samples exhibit 

moderate current response and CV area owing to inherent capacitive nature of pure 

knitted carbon fabric and CNTs. These results demonstrate that the electrochemical 

performance of the knitted fabrics is attributed to the appropriate CNTs and NiCo-LDH 

distribution. 

The GCD curves at 2 mA cm⁻² of the fabrics are presented in Figure 6.8 (b) and 

6.10. Sample I demonstrates the longest discharge time, reflecting its highest energy 

storage capacity. Meanwhile, its nearly symmetrical charge and discharge profiles 

suggest excellent Coulombic efficiency owing to the highly interconnected porous 

structure and reversible redox reactions of NiCo-LDH/CNT composite. As the sample 
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progresses to V, there is a gradual reduction in the discharge time. For the samples 

without NiCo-LDH growth, shorter discharge times are observed. In Figure 6.8 (c) and 

6.11, all fabrics exhibit minor interceptions on the x-axis and small semicircles in the 

high-frequency region, indicating low internal resistance Rs and charge transfer 

resistance (Rct), along with high conductivity and efficient charge transport. Figure 6.8 

(d) and 6.12 show the CV curves of all samples at various scan rates. As the scan rate 

increases, the redox peaks symmetrically shift toward more positive and more negative 

potentials, respectively, suggesting good electrochemical reversibility. At 2 mV/s, two 

distinct redox peaks (Peak 1 and Peak 2) are observed, highlighting the 

pseudocapacitive behavior. Figure 6.8 (e) further analyzes the fitting relationship 

between the two peak currents and scan rates in a logarithmic plot of sample I. Peak 

1 exhibits a slope of 0.5882 and Peak 2 shows a slope of 0.2445，indicating that 

diffusion-controlled process governs electrochemical behavior.  

Figure 6.8 (f) and 6.13 present GCD curves of all samples at various current 

densities. As the discharge current increases, the discharge time decreases. Among the 

fabrics with NiCo-LDH growth, sample I exhibits the longest discharge time at the 

same discharge current, indicating its highest charge storage capability. Compared with 

the fabrics with NiCo-LDH, the fabrics without NiCo-LDH growth exhibit shorter 

discharge times. Based on the GCD files, Figure 6.8 (g) illustrates the specific 

capacitance of sample I at different discharge currents. At 2 mA cm⁻², sample I 

demonstrates a maximum specific capacitance of 4,948 mF cm⁻², indicating its 

excellent charge storage capacity. As the discharge current increases to 10 mA cm⁻², the 
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specific capacitance gradually decreases to 3,288 mF cm⁻², reaching a high capacitance 

rate of 66.45%. Figure 6.8 (h) compares the specific capacitance of all samples at 2 

mA cm⁻². Sample I exhibits the highest specific capacitance (4,948 mF cm⁻²) among 

the fabrics with NiCo-LDH growth, which is attributed to the optimized porous 

structure of the knitted fabrics and appropriate distributions of CNTs and NiCo-LDH 

nanowires. For the samples without NiCo-LDH, the specific capacitance values drop 

sharply.	Figure 6.8 (i) further illustrates the diffusion-controlled and surface-controlled 

contributions at various scan rates of sample I. At lower scan rates of 2 mV s-1, 

diffusion-controlled contributions are approximately 80.55%, indicating that ions have 

sufficient time to penetrate deep into the porous structure of fabric and participate in 

the redox reactions. An increasing scan rate enhances the dominance of surface-

controlled charge storage mechanisms, which account for 69.97% at 50 mV·s⁻¹, 

implying that the electrochemical process is primarily governed by surface-confined 

reactions. These results demonstrate that the sample I exhibits both diffusion-controlled 

and surface-controlled charge storage behaviors depending on the scan rate. 
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Figure 6.8 Electrochemical performance of Samples I-X. (a) CV curves of samples I-
V at 10 mV s⁻¹. (b) GCD curves of samples I-X at 2 mA cm⁻². (c) Nyquist plots of 
samples I-V, the inset shows the magnified high-frequency region. (d) CV curves of 
Sample I at varying scan rates. (e) Log-log plot of peak current density vs. scan rate for 
sample I. (f) GCD curves of sample I at different current densities. (g) Specific 
capacitance of sample I as a function of discharge current density. (h) Specific 
capacitance of samples I-X at 2 mA cm⁻². (i) Contribution of diffusion-controlled and 
surface-controlled capacitance for Sample I at different scan rates. 
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Figure 6.9 Cyclic voltammetry (CV) curves of Samples VI-X at a scan rate of 10 mV. 

 
Figure 6.10 Galvanostatic charge-discharge (GCD) curves of Samples VI-X at a 2 mA 
cm⁻² current density.  
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Figure 6.11 Nyquist plots of Samples VI-X obtained from electrochemical impedance 
spectroscopy (EIS).  

 

Figure 6.12 Cyclic voltammetry (CV) curves of Samples II-X at various scan rates (2 
mV/s to 50 mV/s).  
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Figure 6.13 Galvanostatic charge-discharge (GCD) curves of Samples II-X at different 
current densities (2, 3, 5, 8, and 10 mA cm⁻²).  

A symmetric stretchable supercapacitor is further assembled to assess the practical 

applicability of Ni20Co40 LDH@CNT2SBS1@F. The assembled stretchable 

supercapacitor, where two Ni20Co40 LDH@CNT2SBS1@Fs are sandwiched with a gel 

electrolyte. Figure 6.14 shows that the potential windows of the Ni20Co40 

LDH@CNT2SBS1@F as the negative electrode (0~ 0.5 V) and the positive electrode (-

0.9~ 0 V). Figure 6.15 (a) shows the GCD curves of the symmetric supercapacitor at 

different voltage windows. The nearly symmetrical and linear charge-discharge curves 

demonstrate excellent reversibly capacitive behavior. As the voltage increases, the 

discharge time extends without significant distortion in the charge–discharge curves, 

indicating the device’s capability to store energy at higher voltage windows. Figure 

6.15 (b) illustrates the GCD profiles at various current densities.	Figure 6.15 (c) shows 

the CV curves at different voltage windows with a scan rate of 20 mV s⁻¹. The quasi-

rectangular shapes of the curves indicate typical capacitive behavior, along with redox 

peaks corresponding to the pseudocapacitive behavior, which are associated with the 

NiCo-LDH/CNT composite.	Figure 6.15 (d) shows that the redox peaks on the CV 

curves slightly shift at different scan rates, suggesting a stable energy storage behavior. 

Figure 6.15 (e) compares the GCD curves at 2 mA cm⁻² of the stretchable 

supercapacitor before and after stretching (80%). The near-identical curves demonstrate 

that the charge-discharge curve of the stretchable supercapacitor remains almost 

unchanged before and after mechanical deformation, demonstrating excellent 

flexibility and structural integrity. This is attributed to the hierarchically porous 
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structure of knitted fabric, which enables the stretchable supercapacitor to maintain its 

high energy storage performance in the stretched state.	 	

 Figure 6.15 (f) presents the GCD curves of a single device, two devices in series, and 

two devices in parallel at 25 mA cm⁻². The series configuration increases the voltage, 

while the parallel configuration increases the current, demonstrating the device's 

modular capability to meet various energy and power requirements. Such flexibility in 

configuration is essential for scalable energy storage systems.	Figure 6.15 (g) shows 

the specific capacitance as a function of discharge current density. As the current density 

increases from 5 to 30 mA cm⁻², the specific capacitance decreases from approximately 

2944.71 to 555.21 mF cm⁻². The supercapacitor still demonstrates good rate capability, 

retaining a significant proportion of its capacitance even at high current densities.	

Figure 6.15(h) shows the Ragone plot, illustrating the relationship between energy 

density and power density. As the power density increases, the energy density decreases, 

a typical trade-off for supercapacitors. The device achieves competitive energy density 

even at higher power densities, making it suitable for applications requiring high power 

and reasonable energy storage. The relationship between the power density and the 

energy density for the NiCo-LDH device and other reported counterparts are shown in 

Figure 5h. The NiCo-LDH device delivered a high energy density of 801.6 µWh cm-2 

(400.6Wh kg-1) at a power density of 3.5 mW cm–1 (1749.5 W kg-1), which was higher 

than its counterparts, such as LDH materials of 3D NiCo-LDH microflowers derived 

from ZIF-67 (53.31 Wh kg⁻¹ at 749.7 W kg⁻¹)248, Al-doped NiCoP derived from NiCo-

LDH precursors (51.7 Wh kg⁻¹ at 500W kg-1)205, GQDs pinned on NiCo-LDH hollow 
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micro-tunnels (46 Wh kg⁻¹ at 7440W kg-1)249, NiCo-LDH microspheres derived from 

Ni-MOF (36.1 Wh kg⁻¹ at 649 W kg⁻¹)250, NiCo-LDH nanosheet array/Ag nanowire 

(42.9 Wh kg⁻¹ at 800 W kg⁻¹)251, NiCo-LDH nanowires@nanosheets core-shell (298.6 

µWh cm⁻² at 0.80 mW cm⁻²)252, yarn coated with Ni-Co-S (48.7 µWh cm⁻² at 0.553mW 

cm⁻²)253, Ni(OH)2 nanosheet wrapped NiCo2O4 on CNTF (103.8 µWh cm⁻² at 0.8 mW 

cm⁻2)254, 3D hierarchical NiCo2O4@NiCo-LDH (49 Wh kg-1 at 750 W kg-1)255. Table 

6.1 shows a comprehensive comparison of NiCo-LDH with the previously reported 

NiCo-based supercapacitor. In contrast to typical capacitance retention values, the 

symmetric capacitor exhibits remarkable long-term stability in both liquid and gel 

electrolytes.  As shown in Figure 6.16, the capacitor in 3M KOH solution achieves a 

coulombic efficiency of 95.06% after 5000 cycles and maintains 93.97% efficiency 

even after 20,000 cycles at 20 mA cm⁻².  Meanwhile, the symmetric capacitor of 

Ni20Co40 LDH@CNT2SBS1@F using a gel electrolyte retains 86.37% of its initial 

capacity after 5000 cycles, demonstrating enhanced durability and suitability for 

encapsulated solid-state devices. Figure 6.15 (i) shows a practical application 

demonstration of the stretchable supercapacitor, which powers an electronic thermo-

hygrometer when stretched. This demonstrates the real-world applicability of 

stretchable supercapacitors in wearable electronic devices. 

 



 183 

Figure 6.14 CV curves of sample I as negative and positive. 

 
Figure 6.15 Electrochemical performance of the symmetric supercapacitor based 
on Ni20Co40 LDH@CNT2SBS1@F electrodes. (a) Galvanostatic charge-discharge 
(GCD) curves at different voltages with a constant current density of 5 mA 
cm⁻². (b) GCD curves at varying current densities at 1.4V. (c) CV curves at different 
voltages and a scan rate of 20 mV s⁻¹. (d) CV curves at different scan rates at 
1.4V. (e) GCD curves at 2 mA cm⁻², comparing the performance of the original device 
and the device under stretch (80%). (f) GCD curves for a single device, two devices in 
series, and two devices in parallel. (g) Specific capacitance as a function of discharge 
current density. (h) Ragone plot showing the comparison of energy density and power 
density between stretchable supercapacitor of Ni20Co40 LDH@CNT2SBS1@F and 
NiCo-LDH with the previously reported NiCo-based supercapacitor. (i) Demonstration 
application. 
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Figure 6.16 Long-term cycling performance of asymmetric capacitor of Ni20Co40 
LDH@CNT2SBS1@F in different condision. 
 

Table 6.1 Comparison of NiCo materials used as active materials for supercapacitors. 

LDH materials Capacitance 
Stability 
(Cycle) 

Energy 
Density 

(E) 

Power 
Density 

(P) 
Ref. 

3D NiCo-LDH 
microflowers derived 
from ZIF-67 

1765 F g⁻¹ at 1 
A g 

84.3% retention 
after 6000 cycles 

53.31 Wh 
kg⁻¹ 

749.7 W 
kg⁻¹ 

248 

Al-doped NiCoP 
derived from NiCo-
LDH precursors 

1059 F g⁻¹ at 1 
A g⁻¹ 

99% retention 
after 10000 cycles 

51.7 Wh 
kg⁻¹ 

500 W 
kg⁻¹ 

205 

Graphene Quantum 
Dots (GQDs) pinned 
on NiCo-LDH hollow 
micro-tunnels 

1628 F g⁻¹ at 1 
A g⁻¹ 

86.2% retention 
after 8000 cycles 

46 Wh 
kg⁻¹ 

7440 W 
kg⁻¹ 

249 

NiCo-LDH 
microspheres derived 
from Ni-MOF 

1272 C g⁻¹ at 2 
A g⁻¹ 

103.9% retention 
after 5000 cycles 

36.1 Wh 
kg⁻¹ 

649 W 
kg⁻¹ 

250 

NiCo-LDH nanosheet 
array/Ag nanowire 

2920.6 F g⁻¹ at 
5 A g⁻¹ 

89.8% retention 
after 2000 cycles 

42.9 Wh 
kg⁻¹ 

800 W 
kg⁻¹ 

251 

NiCo-LDH 
nanowires@nanosheets 
core-shell 

9.67 F cm⁻² at 
5 mA cm⁻² 

75% retention 
after 2000 cycles 

298.6 
µWh cm⁻² 

0.80 mW 
cm⁻² 

252 

Yarn coated with Ni-
Co-S 

127.2 mF cm−2 

at 0.1 mA/cm 
90% retention 

after 3000 cycles 
48.7 µWh 

cm⁻² 
0.553mW 

cm⁻² 
253 

Ni(OH)2 nanosheet 
wrapped NiCo2O4 on 
CNTF 

291.9 mF cm−2 

at 1 mA/cm2 
95% retention 

after 5000 cycles 
103.8 

µWh cm⁻² 
0.8 mW 

cm⁻2 
254 

3D hierarchical 
NiCo2O4@NiCo-LDH 6092 mF cm-2 

83.3% retention 
after 2000 cycles 

49  Wh 
kg-1 

750 W 
kg-1 

255 

NiCo-LDH nanowires 
4948 mF cm⁻² 
at 2 mA cm⁻² 

93.97% 
retention after 
20000 cycles 

801.6µWh 
cm⁻² 

/400.5 Wh 
kg⁻¹ 

3.5mW 
cm⁻² 

/1749.5 
W kg⁻¹ 

This 
work 
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6.4 Conclusion 

This study develops a stretchable supercapacitor with high flexibility and excellent 

energy storage performance to meet the energy needs of wearable electronic devices. 

The CNT/SBS composite scaffold, constructed under high humidity conditions using 

the BF method, forms an electrode with a hierarchical porous structure, which improves 

conductivity and surface area while providing support for the uniform growth of NiCo-

LDH. The experimental results show that the Ni20Co40 LDH@CNT2SBS1@F electrode 

reaches a capacitance of 4,948 mF cm⁻² at 2 mA cm⁻², showing excellent energy storage 

capability. In addition, under 80% tensile strain, the device can maintain 94% of the 

initial capacitance; after 20,000 charge and discharge cycles, its capacitance decay is 

only 8%, proving its stability in repeated mechanical deformation and long-term use. 

The energy density of the supercapacitor reaches 801.6 µWh cm⁻² (400.6 Wh kg⁻¹), and 

it still shows excellent energy output efficiency at a power density of 3.5 mW cm⁻² 

(1749.5 W kg⁻¹). These characteristics indicate that the composite material not only has 

broad application prospects in flexible and wearable devices, but also provides a new 

solution for the design of high-performance, stretchable energy storage devices in the 

future. This design idea lays the foundation for the development of energy storage 

devices with both high electric performance and high mechanical flexibility, and is 

expected to promote the development of next-generation wearable electronic devices 

and flexible energy systems. 
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Chapter 7 Conclusions and Recommendations for Future 

Work 

7.1 Conclusions 

This thesis systematically investigates the development, characterization, and 

applications of hierarchically buckled porous microstructured textiles (HBPMTs), 

providing a comprehensive framework for integrating advanced functionalities into 

flexible and wearable textiles. The research demonstrates how the unique properties of 

HBPMTs, such as stretchability, and hierarchical porous architectures, can be leveraged 

to address challenges in energy harvesting, self-powered sensing, and energy storage. 

By combining innovative fabrication techniques with functional material integration, 

this work establishes a solid foundation for the next generation of smart textiles. The 

main findings and conclusions of the study are described as follow: 

First study introduces the novel fabrication strategy for hierarchically buckled 

porous microstructured fibers (HBPMFs), inspired by the surface buckling of human 

skin. Through the combination of material manipulation, interfacial self-assembly, and 

thermal annealing, the study achieves fibers with enhanced stretchability, increased 

surface area, and effective functional material integration. The demonstrated 

applications, such as TiO₂-enhanced fibers for photocatalytic degradation, highlight the 

transformative potential of these advanced materials. 

Second study explores the development of HBPMFs tailored for triboelectric 

nanogenerators (TENGs). The integration of functional nanomaterials, such as Ag 

nanoparticles, significantly enhances the electrical performance of the HBPMFs-
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TENGs, achieving up to six-fold increases in output metrics. Additionally, the study 

illustrates their ability to act as self-powered sensors for detecting fine human motions, 

such as breathing and joint movements, making them suitable for wearable healthcare 

applications. 

Third study extends the scope of HBPS to energy storage, presenting advanced 

stretchable supercapacitors fabricated using HBPS modified with nickel-cobalt layered 

double hydroxides (NiCo-LDH). These devices exhibit excellent electrochemical 

performance and mechanical resilience under strain. This work emphasizes the synergy 

between hierarchical structures and energy storage materials for wearable electronics. 

Fourth study delves into advanced energy storage systems, demonstrating the 

synthesis of CNT/SBS composites with hierarchically buckled porous architectures on 

knitted fabrics. The resulting supercapacitors achieve exceptional energy density and 

mechanical robustness, providing a pathway for integrating energy storage capabilities 

into smart textiles. The chapter highlights the practical applications of these systems in 

powering wearable devices under dynamic conditions. 

7.2 Recommendations for future work 

Building on the findings of this research, several areas of further investigation are 

proposed to expand the scope and impact of HBPMTs: 

7.2.1 Scalability and Sustainable Fabrication 

The scalability of HBPMTs fabrication is crucial for their commercial viability. 

Future research should focus on developing cost-effective, scalable manufacturing 
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processes while maintaining the uniformity and quality of the hierarchical structures. 

Additionally, integrating sustainable materials, such as biodegradable polymers, and 

adopting green fabrication methods, like water-based processes or solvent-free 

approaches, can minimize the environmental impact of production, aligning with the 

principles of eco-friendly manufacturing. 

7.2.2 Integration of Dynamic Functionalities 

Expanding the scope of HBPMTs through the integration of dynamic and stimuli-

responsive materials, such as hydrogels or shape-memory polymers, can enhance their 

adaptability to changing environments. These materials could enable self-healing, 

thermal regulation, or environmental responsiveness, further broadening the application 

areas of HBPMTs in fields such as biomedical devices, adaptive clothing, and 

environmental monitoring systems. 

7.2.3 Enhancing Durability and Long-Term Stability 

While HBPMTs have demonstrated excellent mechanical and functional 

performance, their durability under prolonged mechanical deformation and harsh 

environmental conditions requires further investigation. Future work should focus on 

evaluating the performance of HBPMTs under real-world conditions, such as exposure 

to humidity, temperature fluctuations, and repeated mechanical stress, and developing 

strategies to mitigate wear and fatigue, such as reinforced interfacial bonding or 

protective coatings. 
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7.2.4 Advanced Functional Material Integration 

Expanding the range of functional nanomaterials incorporated into HBPMTs can 

unlock new applications. For instance, integrating quantum dots, conductive polymers, 

or novel 2D materials like MXene could lead to advancements in energy storage, optical 

sensing, or wearable electronics. Hybrid systems combining HBPMTs with rigid 

electronics or microfluidics could also create multifunctional textile platforms for 

healthcare and beyond. 

7.2.5 AI-Assisted Design and Modeling 

Artificial intelligence (AI) and machine learning offer promising tools for 

optimizing the design and performance of HBPMTs. Future research could develop 

predictive models to simulate the effects of fabrication parameters on material 

properties, enabling rapid prototyping and customization. Additionally, machine 

learning algorithms could analyze large datasets to identify optimal combinations of 

materials, structures, and functionalities, streamlining the development process. 
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