
ABSTRACT 

Wei, Shuzhen. Structural Design of Soft Actuators for Smart Textiles. (Under the direction of 
Dr. Tushar K. Ghosh). 
 

Soft actuators are a new generation of actuators that hold great potential in the emerging 

areas of smart textiles, human-machine interface devices and soft robotics, primarily for their 

mechanical compliance. Many other features of soft actuators are also valued including the 

diversity of input energy and stimuli-sensitive materials, intimate structure-motion relationships, 

compact, and lightweight. Among various features, structures of the soft actuators are crucial to 

their actuation behaviors and influence other properties. Here we designed and studied the 

structures of three types of soft actuators, including the dielectric elastomer actuator (DEA), 

cellulose film actuator, and cellulose fiber actuator, with the objective of designing soft actuators 

for smart textiles. Thin dielectric layer is desirable for DEAs to lower the actuation voltage, but it 

is difficult to form uniformly thin layer, the defects in the thin layer lead to premature dielectric 

breakdown under high voltage, and the assistive parts needed to constrain the thin film add 

weight and volume to the actuator. Inspired by the rapid closure of the bistable Venus Flytrap 

(VFT), we designed bistable laminated DEAs that snap between two stable shapes under a short-

period application of voltage. Due to the potential hazard of using high voltage for wearable 

actuators, we then studied the moisture-driven soft actuators for the abundant moisture near the 

human skin. Moisture-driven soft actuators are typically constructed into slender structures (i.e., 

film, fiber) for faster moisture diffusion and thus higher actuation speed. These structures are 

also fundamental structures in textiles. We choose commercially available regenerated cellulose 

films (cellophane) and yarns (viscose rayon) as the basic structures. The instantaneous bending 

behavior of cellophane under moisture change is designed into various other actuation motions 

through the structure design. The radial expansion of the viscose rayon due to moisture 

absorption is converted into torsional and linear motions by inserting large twist into the fiber to 



form twisted and coiled polymer actuator (TCPA). The hierarchically twisted TCPAs are 

designed, and their moisture-driven torsional and linear actuation performances are studied. We 

also enabled electro-thermal actuation through plying TCPAs with CNT yarns.  
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Chapter 1 Introduction 

Actuators are capable of converting physical or chemical forms of energy into motion. 

The conventional actuators, such as electrical motors and pneumatic actuators, produces tunable 

and accurate forces to power the movements of almost all the automatic devices. However, the 

bulkiness and rigidity of these actuators originating from the metallic parts and their complex 

assembly restrict their application in some of the emerging technology areas [1], [2], such as 

wearable devices including smart textiles [3]–[7], and electronic devices for human-machine 

interface [7], [8], and soft robotics [9]–[11]. To meet the needs in these and other similar 

applications, actuators made of lightweight soft materials (or soft actuators) with promising 

features including mechanical flexibility, wide range of contact compliance, and various choice 

of actuation stimuli are being developed. 

Soft actuators are typically made of stimuli-responsive soft polymeric materials or their 

composites that can continuously and controllably deform to produce large strain and relatively 

small force (compare to conventional actuators). So far, most of the forms of energy such as 

electrical, thermal, chemical, pneumatic, and electromagnetic have been used to drive the soft 

actuators [12]. According to the type of input energy, these actuators can be categorized into 

electroactive (e.g., piezoelectric [13], dielectric [14], electrochemical [15]) polymer actuators, 

thermally (e.g., photothermal [16], electrothermal [17]) driven actuators, chemically (e.g., 

electrochemical [15], moisture [6], solvent [18]) driven actuators, pressurized (e.g., pneumatic 

[10], hydraulic [19]) soft actuators, and electromagnetic (e.g., magnetoelastic [11], light [20]) 

soft actuators. The diverse input energy types and availability of corresponding responsive 

materials for soft actuators demonstrate their future potential. Various fabrication techniques 

such as 3D printing [21] and thin film fabrication [22] have been used to effectively construct the 

soft actuators and integrate them into systems for different applications.  
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Soft actuators have the potential to revolutionize robotics, healthcare, human-assist 

devices, and many others. However, like most developing technologies, the opportunities come 

with many challenges. In addition to the materials related issues such as slower response and 

recovery, lack of precision, and fatigue, the structural integration of materials, controls, and 

power supply for soft actuators can be uniquely challenging. A diverse actuation behavior can be 

achieved by soft actuators using many structural form factors including fibers [23], films [14], 

and other arbitrary shapes [17]. Often multiple materials need to be fabricated into different 

functional components of the actuators and assembled at scales ranging from nanometers to 

meters. Challenges come from fabricating and assembling these structures with precision, 

mechanical integrity and repeatability. While these issues, primarily originating in handling and 

assembly of multiple unconventional materials with multistep process and DIY-style fabrication 

methods, novel scalable fabrication methods are needed. The development of additive 

manufacturing is promising to realize diverse and complex structures using multiple materials 

[24]. 

 Many of the lessons learnt from the traditional human approach in designing most 

conventional actuators to meet the needs of producing strong, repetitive movement with precise 

position control using rigid materials cannot obviously be applied in designing soft actuators. In 

contrast valuable pertinent lessons could be learnt from studying the countless examples of 

actuation using mostly soft materials in the biological world [25], [26].  For example, animals 

use soft materials often supported by stiffer exoskeletons to produce exemplary fast and complex 

movements. In particular, muscle fibers as the natural actuator, are bundled together to produce 

tunable linear force that is then converted into the joint movement. It provides insightful lessons 

for the design of soft manmade actuators, from the structure design of slender muscle fiber with 
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linear contractile motion, muscle fiber assembly with mechanical integrity and scalable forces, to 

the muscle-bone connection with strong and reliable interfaces. 

While one of the primary motivations to develop the soft actuators is the numerous 

current and future applications for the “human environment,” textiles, provide other valuable 

perspectives and potential solutions in the development of soft actuators. Textiles offer many soft 

and lightweight compatible materials, structural and topological optimization know-how, and 

processing technologies. From the materials point of view, many soft polymeric and non-

polymeric materials can be processed by textile methods and fabricated into the products 

necessary in our daily life (i.e., ropes, clothes, carpets). From structural point of view, textile 

materials from fibers and films (typically coatings) to fabrics incorporate a wide range of 

structures and resultant mechanical features from micro to macro scales maybe useful for soft 

actuators. These textile elements are readily scalable and reliable under thousands of years of 

development and refinement. From integration point of view, textile products (i.e., fabrics and 

higher level) are indeed a hierarchical and functional assembly from fibers and yarns. Stimuli-

responsive materials can be directly applied on or integrated into textile products [27]. Soft 

actuators can be incorporated into textiles at different hierarchical levels [4], [28]. From 

application point of view, many emerging areas such as human-machine interfaces [8], 

rehabilitation robotics [3], surgical and medical devices [29], and active thermo-regulative 

clothes [6], can be regarded as functional extensions of the conventional textile products.  

The research described here focuses on the structural design of soft actuators for 

wearables, by exploring a variety type of soft actuators including the dielectric elastomer 

actuators (DEAs), moisture-driven film-based actuators, and multi-stimuli-driven twisted and 

coiled polymer actuators (TCPA). The rational of studying DEAs is primarily due to the fast 

actuation speed, large actuation strain, and relatively high control precision (compare to other 
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soft actuators). The film-based bistable DEAs investigated here are inspired by the bistable 

Venus flytrap (VFT) that is able to snap rapidly and maintain the deformed shape at no energetic 

cost. The compact bistable DEAs reversibly snaps between two stable shapes under applied high 

voltage and are proposed as an unconventional valve to control the openings on curved 

substrates. For wearable application, the high electric field poses potential health risks to the 

users, therefore, moisture-driven soft actuators are also investigated.  

Moisture was selected as an appropriate stimulus due to the wide availability in the 

ambient environment, especially in the near-body environment, and regenerated cellulose was 

selected as the responsive material for its large swelling capacity and speed [30]. The 

commercially available regenerated cellulose film (i.e., cellophane) and yarn (i.e., viscose rayon) 

were selected for different structures. The cellophane actuators bend instantaneously and 

reversibly under the change of relative humidity (RH). They are structured into shape-

programmable actuators and self-walking robots driven by moisture. The viscose rayon, on the 

other hand, were highly twisted into TCPAs that generate torsional and linear actuation motions 

under RH change. The TCPAs were fabricated into hierarchical structures, and their actuation 

performances were studied at different hierarchical levels. In addition to the moisture actuation, 

electrical actuation was enabled by twisting conductive carbon nanotube (CNT) yarns with the 

viscose rayon yarns, through the electrothermal-induced moisture desorption.  

This dissertation is a collection of a number of research and review papers at various 

stages of publication. Each chapter represents one complete research paper. In particular, 

chapters 2 (under review), 3 (under review), and 4 (unpublished) are three review papers 

summarizing the diverse background of this research. Chapter 5 (accepted manuscript) is a 

research paper on the bioinspired bistable DEAs. Chapter 6 (unpublished) is a research paper of 

the moisture-driven cellophane actuators. Lastly, Chapter 7 (unpublished) is a research paper of 
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the multi-stimuli-driven viscose rayon TCPAs. The dissertation is appropriately bookended by 

two chapters, the Introduction and Conclusion. 
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Chapter 2 Bioinspired Structures for Soft Actuators 

Biological organisms present marvelous morphing behaviors from the quiescent blooming of 

flowers to the energetic wing-flapping of birds that have always inspired humans to design 

better-engineered products. The diversity of natural motion is attributed primarily to the intricate 

and hierarchical structure of actuators that are self-assembled from nanoscale structures to 

superstructures with only a handful of materials. Compared to the biological actuators, their 

manmade counterparts, often with significantly limited capabilities, are fabricated from a wide 

variety of materials with relatively simple structures using limited fabrication techniques. With 

the rapid developments in various technologies that require soft robotics and human-machine 

interfaces, there is increasing demand for reliable soft actuators with improved capabilities such 

as larger output force, repeatability, and a more comprehensive range of motion diversity. 

Biological actuators provide critical insights into the structure-function relationship and offer 

exciting concepts to advance the science and technology of artificial soft actuators. Here, we 

discuss the design approaches found in natural actuation systems from the nanoscale to the 

highest levels in the structural hierarchy and the physical principles involved in their diverse 

actuation capabilities. In that context, finally, we review the fabrication techniques that have 

been utilized for manmade soft actuators, with a focus on the advantages, challenges, and 

concepts for potential future developments.   

 

2.1  Introduction  

The ability to move and morph is fundamental to the survival of animals and plants. The 

diversity of motion produced by biological actuators is key to the daily existence of natural 

organisms, from the autonomous beating of the heart for blood circulation to voluntary 

movement for hunting and escaping. Both plants and animals possess complex actuation systems 
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powered primarily by two types of elemental actuators, muscle cells for animals[1] and turgor-

driven cells for plants[2], that convert biological energy into mechanical output. In addition to 

the actively controlled actuation behavior, plants also produce passive motions driven by the 

swelling and drying of cellulose materials on the cell walls under the ambient moisture 

change.[3] These cell-level actuators are shaped, assembled, and structured with other 

components in a hierarchical fashion, determining their macroscopic actuation performance. 

From the mechanical point of view, the actuation behaviors are governed by the stress and strain 

distribution at various levels of the structure composed of well-arranged active components and 

supportive matrices. The opening of a pinecone best manifests this principle to release seeds at 

low humidity conditions.[4] Composed of two macroscopic layers of tissues with different 

coefficients of hygroscopic swelling, the scales of pinecone bend outward as the outer layer 

shrinks more significantly under decreasing humidity. Interestingly, the swelling ability of the 

two layers is governed at the cellular level, as the distinct cellulose fibril arrangements on the 

cell walls effectively modify the stiffness of the cells.  

 

While bioinspiration aims to reproduce a functional outcome by drawing on ideas from nature or 

through understanding the principles that underline natural processes, biomimicry aims to 

directly replicate the mechanism underlying the specific functional behavior found in nature. 

Notwithstanding the subtle distinction, understanding the fundamentals of biological functions 

allows us to appreciate why cells and organisms have the structures they do and provides clues to 

create synthetic systems. Natural structure design solutions have always been a source of 

inspiration for scientists and engineers to advance their fields, such as robust yet resilient 

mechanical structures[5], biomimetic functional textiles[6], dry adhesives[7], drag reduction 

surfaces[8], etc. Given that actuation is essential for almost all manmade machines to accomplish 

their designed functions, scientists are continually looking at every natural environment to find 



   

10 
 

inspiration and ideas to create the new generation of automatons soft robots that can stretch, flex, 

and morph with high degrees of freedom. Compared to the conventional rigid actuators such as 

electric motors, the soft actuators have mechanical properties and actuation behaviors closer to 

the natural actuators. Therefore, the lessons from nature, particularly the intimate relationship 

between the structures of natural actuators and their behaviors from cellular processes to whole 

organism functions, provide tremendous insights into designing soft actuators.  

 

Soft actuators are key to emerging technologies and applications such as healthcare and wearable 

electronics that require a compliant human-machine interface for safety and robust adaptability. 

The inherent advantages of the often lightweight and compact soft actuators include being able to 

deform when necessary, safety in interaction with human and other delicate objects, availability 

of a wide range of materials and mechanical properties, quiescent operation, and use of various 

stimuli and thus energy inputs. With a variety of materials being employed to build soft 

actuators[9], their structural design has been recognized as an essential determinant of 

performance. As the actuator converts a form of input energy into mechanical energy or motion, 

its structural mechanics is paramount for mechanical outcomes. For example, linear motors 

convert rotation with variable torque to linear motion with variable force through a series of 

structural components, whereas twisted and coiled polymer (TCP) yarns convert their radial 

expansion to rotation and linear motion depending primarily on their helical structure.[10] The 

structure should be even more important in the soft actuators than conventional rigid actuators 

because of the large and diverse deformation of the soft materials. However, some inherent 

properties of soft materials such as nonlinear stress-strain relations, hysteresis, and large 

deformation impose challenges in developing reliable actuators with complex structures. For 

these and other reasons, the current forms of soft actuators remain relatively simple, and the 
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output forces and strokes are limited. Another constraint is the limited fabrication techniques. 

While materials grow and self-assemble into delicate and effective actuators under natural 

processes, the fabrication steps in engineering are either tedious or lack the ability to process soft 

materials. Recent developments in additive manufacturing and other techniques have facilitated 

the fabrication of more complex structures[11], but issues remain. In this review, we discuss 

natural and human-engineered structural design approaches for soft actuators from low to high 

levels in the hierarchy with increasing complexity. We examine shared principles of structural 

mechanics and discuss their structure-function relationship. Subsequently, we review the 

fabrication techniques employed for soft actuators, albeit briefly, with a focused discussion on 

the advantages, challenges, and potential concepts for future development.   

 

2.2  Biological Actuators  

2.2.1 How Structures Impact the Actuation Behavior  

Living organisms' movement and morphing ability rely on the actively deformable tissues, 

known as biological actuators. Two primary actuators of animals and plants are muscle cells and 

turgor-driven cells that aggregate to form structured actuators at higher levels.[12] The 

fundamental actuation mode of these two cellular actuators is different, whereas the muscle cells 

contract or stiffen when activated, and turgor cells undergo volume expansion or shrinkage by 

autonomous or voluntary excitation. While these actuators are controlled actively by the nervous 

systems or signaling molecules and convert biochemical energy to mechanical output[13], there 

are some instances in plants where the motion is entirely dependent on the passive deformation 

of hygroscopic materials at changing humidity.[3] The active cell morphing and passive material 

deformation generate simple and microscopic mechanical output. Still, the delicate shape 

differentiation, directed material assembly, and architectural design of higher-level actuators are 
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ultimately responsible for a wide range of output forces and remarkably diversified motion 

within and across organisms.[14] Therefore, understanding the structure-function relationship of 

biological actuators is essential for studying the diversity of motion.    

 

Muscle tissues, as the motor for animal locomotion, are categorized into three types according to 

their functionalities: skeletal muscles, cardiac muscles, and smooth muscles.[15] The structural 

differences at the cellular to the organ levels determine the actuation behavior and functionalities 

at different anatomical locations of the muscles. For example, at the cellular level, skeletal 

muscles and cardiac muscles have striated microscopic appearance due to overlapping of 

myofilaments that run parallel along the cell length. These repeating, overlapping parts, known 

as sarcomeres, are the structural and functional units that determine the mechanical output of 

these muscle cells. However, smooth muscle cells do not have a striate appearance due to 

different myofilaments arrangements. The loose myofilament arrangement results in slower 

smooth muscle contraction than the striated muscles.[16]  

The difference in cellular shape and cell aggregation patterns significantly affect the actuation 

performance, synchronization, and control. Skeletal muscle cells are long fibers that are bundled 

together with the two ends connected to tendon tissues. Each fiber runs through the whole length 

of the muscle and is controlled individually by a motor neuron. Therefore, the output force of a 

muscle can be increased by activating more muscle fibers. Cardiac muscle cells, on the other 

hand, are branched and connected with gap junctions providing pathways among cells for shared 

electrical signaling. These unique structures and assembly enable coordinated contraction of the 

cardiac muscles to power the heart efficiently.[15] Smooth muscle cells are relatively short and 

spindle-shaped and have a wide degree of electrical coupling between cells via gap junctions.[16] 
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At the organ level, the structural design determines the ultimate macroscopic motion. Skeletal 

muscles are attached to bones that convert muscle contraction to joint movement. To achieve 

both high output stress and strain, the attachment point at the fixed bone is away from the 

rotational joint, while the one at the rotating bone is close to the joint. Cardiac muscles form the 

contractile wall of the heart, which contracts synchronously to pump the blood from the cardiac 

chambers. Smooth muscles line the wall of hollow organs such as blood vessels and provide 

involuntary actuation for activities such as persistent contraction of blood vessels and peristaltic 

movements of intestines.[16] 

 

Many animals and plants utilize the structure-function relationship uniquely and display extreme 

performances. For example, caterpillars can perform flexible motions such as curling, rolling, 

and even jumping for normal and enhanced locomotion. The muscles arranged peripherally 

around the cylindrical body of the caterpillar enable deformation with multiple degrees of 

freedom by coordinated actuation of muscles.[17] Another interesting example is the potent strike 

of Mantis shrimp amplified by a bistable element in its smashing appendage. This extensible 

bistable disk-like element made of stiff materials acts as a power amplifier to boost the striking 

force and speed beyond the capability of the muscle. In particular, the bistable disk stores the 

elastic energy from muscle contraction in its bent shape and suddenly snaps to release the energy 

in a short time for a burst power output.[18] The power amplification strategies through the elastic 

energy storage and recoil that allow animals to generate motions beyond their physiological 

limits are also utilized in plants to produce fast motion.[19] For example, the bistable leaf of the 

Venus flytrap (VFT) has the fastest morphing speed in the botanical world, which closes within 

0.1 seconds to capture the prey.[20] Another similar example can be found in the dispersal of 
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spores in plants for successful reproduction. Fern spores disperse seeds extremely fast and far by 

coupling hydrodynamic cavitation and elastic energy relaxation.[21] 

 

2.2.2 Hierarchical Structures of Biological Actuators 

The hierarchical assembly of active and passive materials into well-arranged structures is 

fundamental to the diversified motions in nature. To better understand the relationship between 

their structure and actuation behavior, we herein classify the biological actuators into three 

hierarchical levels, i.e., cellular level (1st), tissue level (2nd), and organ level (3rd). We intend to 

offer a comprehensive picture of the biological actuators' hierarchical design and their 

performance by discussing the structure-function relationship at different levels. As a result, we 

derive essential design guidance for the manmade soft actuators. 

 

To begin with, we present two examples of the macroscopic actuation behavior, illustrating the 

common structural design principles in animals and plants. The first example is the human 

elbow, where the elbow-arm system (Figure 2-1c) can be regarded as the ultimate actuator that 

interacts with the external world. In this design hierarchy, the 1st order actuator is the skeletal 

muscle cells. As is shown in Figure 2-1a, three types of muscle cells provide fundamental 

functionality for all the movements of animals. Briefly, the skeletal muscles exert forces on the 

skeleton system that interacts with the external world.[22] The cardiac muscles actuate 

rhythmically to generate the heartbeats, and smooth muscles contract slowly and involuntarily to 

transport food in the intestines. The 2nd level actuator (Figure 2-1b) is the bundled skeletal 

muscle that aggregates the micro-level forces for useful mechanical output. The skeletal muscles 

are connected to bones (end effector) with tendon linkages (damper). Each skeletal muscle is 

composed of grouped muscle fibers (cellular actuators), nerve cells (signal transmitter), blood 
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vessels (energy transmitter), and intracellular matrix (support, tethering). To produce the 

required macroscopic motion – rotation of the elbow in this case – in the 3rd order of the 

hierarchy, the actuator design utilizes a pair of antagonistic muscles to control the elbow's 

directional rotation and force output. A basic lever arm principle is employed in the design of the 

3rd order actuator for work and space efficiency and for avoiding injury due to over-straining of 

the muscles.[22] Skeletal muscle is connected to the two bones of the elbow-arms system in a 

particular manner, where one end of the muscle is linked to the far end of the stationary bone, 

and the other end of the muscle is connected to the near end of the dynamic bone. This design 

ensures both adequate rotational angle and torque with the limited contractile strain of the 

muscles.  

 

The second relevant example is a nyctinastic plant that opens and closes leaves with circadian 

rhythm (Figure 2-1f). The turgor-driven cells in these plans are the 1st level actuator that changes 

volume under osmotic pressure, known as turgor pressure. The turgor pressure is controlled by 

modulating the cell membrane permeability of certain solutes to create a difference between the 

concentration inside and outside of the cell, thereby driving the water flow. Their arrangement 

boosts the microscopic actuation of turgor cells into tissue-level actuators. To further 

functionalize the actuation to bend the leaves, antagonistically aggregated turgor cells are 

concentrated near the hinge of the leaf, similar to the antagonistic muscle arrangement for the 

rotation of elbow. The extensor and flexor cell aggregates at the inner and outer side of the hinge 

at the base of a nyctinastic leaf, as seen in the cross-sectional view in Figure 2-1e, are 

responsible for the bending and unbending of the leaf. Driven by this hierarchically designed 

structure, the double-leaf pair of nyctinastic plants opens in the daytime and closes at night[23] 
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Figure 2-1. The hierarchical structural design of natural actuators. Two examples of 
antagonistic actuation of (a-c) an elbow, and, (d-f) plant leaves driven by actuators organized at 
three hierarchical levels. (e,f) Reproduced with permission.[23] Copyright 2007, Oxford 
University Press. 
 

The following section uses simplified actuator models to illustrate the 1st and 2nd level structural 

designs and resultant deformations. The 3rd level actuator is presented with examples of the final 

actuation performance of various biological organisms. 

 

First level structure  
Muscle cells and turgor-driven cells are primary actuators fundamental to the motion of animals 

and plants, and we define them here as the first (1st) level actuators. Under electric pulses, 

muscle cells either contract in length or stiffen to resist deformation. In contrast, turgor cells 

expand in volume due to the osmotic influx of water due to higher concentrations of certain 

solutes inside them than in the extracellular environment. Besides active actuation, passive 

actuation is commonly observed in plants as dead cells de-swell in a low-humidity environment. 

 

The difference among the 1st level actuator can be 1) whether the cell volume changes upon 

actuation, 2) in the shape of the actuator, and 3) in the presence of mechanical reinforcement in 
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cell walls for anisotropic properties. The schematics presented in Figure 2-2a, b show the 

expansive and constant volume actuators' shape differences. The internal pressure increase of 

turgor-driven cells results in a significant volume expansion (Figure 2-2a)[24], while the 

contraction of muscles cells causes negligible volume change (Figure 2-2b).[25] In conifer plants, 

the horizontal and upright growth of the branch is a result of compressional stresses developed in 

the tracheids (a type of cell with a thickened cell wall) near the stems.[26] These compressional 

tracheids are cylindrical in shape compared to the rectangular normal wood tracheids. In addition 

to that, another key difference of these two tracheids is the orientation of cellulose fibrils on their 

cell walls. Cellulose fibrils improve the mechanical strength of the cell, and the directional 

alignment of these fibrils creates mechanical anisotropy that leads to diverse actuation behaviors 

(Figure 2-2i, ii, iii).[27] On the other hand, the skeletal muscle cells always take slender shapes for 

optimized longitudinal contraction and bundle organization, and the subcellular myofilaments 

are aligned along the cell length direction to generate cell contraction by filament sliding.[1] 

 

The presence of mechanical anisotropy by utilizing reinforcing elements, the cellulose fibrils on 

the cell wall, to produce directional actuation is common in plants. For example, conifers exploit 

the helically wound cellulose fibrils on the cell wall to generate tensile and compressive stresses 

to guide its organ's growing direction.[26] The wheat awns utilize the periodic humidity change to 

propel the seeds after detaching from the wheat plants. The locomotion originates from the 

bending of the awns through the differential swelling of the cells in the inner and outer parts due 

to the distinct microfibril arrangement on the cell walls. Elbaum et al analyzed the microscopic 

structure and material composition of wheat awns. They found no compositional or structural 

difference of the inner and outer parts of the awns above the cellular level. However, the 

mechanical analysis suggested significant mechanical difference between the cap and the ridge 
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(two parts that run parallel along the length of the awn). Using x-ray scattering they found that 

the cellulose fibril angle in the cell wall, along the cell length determines the mechanical 

difference and the overall actuation behavior. While the cells on one side of the awn are 

mechanically strengthened with aligned cellulose fibrils at a small angle, the cells on the other 

side are less stiff due to the randomly arranged fibrils that tend to absorb moisture and swell; as a 

consequence, the awn bends periodically at changing humidity.[28] 

 

 
Figure 2-2. Actuator’s 1st level structural design. (a) Volume expansion of actuators of different 
shapes due to increased internal pressure. (b) Extension and contraction of actuators with 
constant volume. (c-e) Different actuation behaviors due to the orientation of reinforcing fibers. 
The orange parts are the active bodies, and the blue lines are the mechanical reinforcing 
elements. The blue arrows are the directions of the generated stress under stimuli, the black 
arrows are the directions of the actuation deformation. 

 
Second level structure  
The cell actuators are organized into tissue-level actuators with the help of other elements such 

as the extracellular matrix, nerves, and blood vessels. These elements serve multiple purposes, 
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including structural support, force integration, functionalization, and pathways of control and 

energy supply. The tissue actuators produce scalable forces by bundling and selective activation 

of constituent cell actuators. Their functionalities can be differentiated by various factors, such as 

the arrangement of cellular actuators, properties of connective materials, and arrangement of 

signal emitters, etc.  

 

Despite the complexity of the architecture and signal transduction in tissue actuators, we can 

simplify the structural models to fit the general morphing types, such as bending, twisting, 

wrinkling, folding, etc. The mechanism of the variety of motions originates from the varying 

strain field in the structure produced by altering the amplitude of stimuli and differential 

mechanical properties, with the latter resulting from the assembly of active and passive 

components. Some of the deformation patterns of the second (2nd) level actuators are illustrated 

in Figure 2-3, with the orange and blue parts representing active (1st level actuator) and passive 

elements, respectively.  

 

Figure 2-3a-c illustrate three out-of-plane deformation types (cylindrical bend, twist, and saddle) 

of a homogeneous and isotropic film under various stimuli gradients. When the stimulus is 

imposed from the top in a manner such as to induce in-plane expansion of the top surface of the 

film, and the expansion direction coincides with one of the principal geometrical axes, the film 

bends downward (Figure 2-3a). Here, the direction of expansion is determined by the 

geometrical parameters and the anisotropic mechanical properties of the material. When the 

direction of expansion is not aligned with one of the principal geometrical axes, the film twists 

into a helix (Figure 2-3b). When the in-plane expansion of the film occurs on both top and 

bottom surfaces in different directions, the film tends to deform into a saddle shape (Figure 
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2-3c). This model may explain the bending and wrinkling of leaves at changing humidity. In 

contrast, the veins and other microscopic structures in the leaves complicate the mechanical 

properties and influence the shape.  

 

The out-of-plane deformations more commonly result from mechanical anisotropy, often by 

means of fiber reinforcement and mechanical gradients in laminated structures. Figure 2-3d-f 

show the laminate structures with various potential out-of-plane deformations including bending 

and wrinkling. By laminating two layers (active and passive), the in-plane strain in the active 

layer exerts a bending moment in the laminate, producing the bending or wrinkling. In trilayer 

laminates, on the other hand, the combination of directional strains in the top and bottom layers 

can produce bistable structures, as shown in Figure 2-3f.[29]  One approach is to introduce 

predetermined directional strains to the laminates by prestretching before laminating, which have 

been used to fabricate bistable cylindrical structures.[29] By changing the strain field of the 

laminate mechanically[30] or electrically[31], the bistable structures snap from one stable state to 

the other.  

 

Examples of further control of the deformed shape of films by limiting the spatial range of the 

active layer for strain localization can be seen in Figure 2-3g-h. Here, the width of the active part 

is significantly reduced to that of a hinge that works to fold the laminates. Meanwhile, the self-

folding is facilitated by increasing the mechanical flexibility of the hinge on the supportive layer. 

This model is commonly used in wing structures such as the active deployment of earwigs[32] and 

leaf folding[23].  
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While the uniform distribution of the volume expansive elements in a passive matrix results in 

the overall volume expansion, the arrangement and shaping of the active elements give rise to the 

diversity of morphing. Figure 2-3i-j present typical arrangements of active elements in a passive 

structure. For example, in plants, the turgor-driven cells are embedded in the supportive matrix 

to change the volume of the whole structure, and the muscle fibers in animals are concentrically 

distributed in the matrix that selectively contracts to bend a larger structure in multiple 

directions. An example of multidirectional bending is the movement of caterpillars that use their 

peripherally distributed muscles to bend their bodies with multiple degrees of freedom (DOF). 

Besides, their longitudinally sectioned muscles generate contraction and relaxation waves along 

the body to push the body to move forward and backward.[33,34] 

 

Structuring the supportive and active elements to produce different motions is an interesting 

topic. Here we see another simple but powerful example – twisting actuation, using several 

compelling structural features. Figure 2-3k illustrates a typical design for torsional deformation 

of plant cells through winding cellulose fibrils around the isotropic volume-changing cell body. 

The cellulose fibrils restrain the deformation along its winding direction, converting the volume 

expansion of the cells to torsional deformation. Another method to produce twisting motion is 

shown in Figure 2-3l. Here, instead of winding the stiff fibers about an active body, the fibers are 

twisted about their own axis and then embedded in an isotropic active body. While the stimuli-

responsive matrix expand in volume, the twisted fiber-active matrix complex tends to rotate if 

only fixed at one end, or change in length if rotation is restricted. The third method to generate 

twisting actuation is a differential strain in a slender object (Figure 2-3m). In a slender structure 

such as fibers, the differential strain can produce spring-like structures with reverse handedness, 

while the fibers are allowed for linear contraction but not rotation.[35] Such spring-like structure 
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can be further actuated for linear or torsional deformation by differential expansion or 

contraction of the inner and outer part of the spring. One such example in nature is the helical 

growth of tendrils of cucumbers and their motion with changing humidity. The asymmetric 

swelling and asymmetric mechanical properties of the tendrils of cucumbers were found to be the 

driving forces for the helical coiling and over-winding under stretch.[36] 

 

 
Figure 2-3. Actuator’s 2nd level structural design. (a-c) Film bending under gradient stimuli 
exposure. (d-e) Bending and wrinkling of laminates composed of active and passive layers. (f) 
Bistable laminates composed of active layers and a strain-limiting layer. (g-h) folding of a film 
due to concentrated stress at the hinge. (i-j) volume expansion and bending of 3D structures due 
to encapsulated active materials in flexible and passive matrices. (k-m) twisting deformation of 
structures due to, (k) helically wounded inextensible fiber around an expansive cylindrical body, 
(l) twisted fiber embedded in an expansive body, and (m) the differential strain developed in a 
bilayered helical structure. Orange parts are active materials, and blue parts are passive 
materials. Blue arrows are directions of active stresses, and the dotted black arrows are 
deformation directions of the actuator. 

 

Third level structure  
While in general, the cells combine to make tissues, at even higher levels of hierarchy, the 

tissues form organs. Therefore, the ultimate macroscopic motions to achieve specific 

functionalities require higher-level structural design and synergistic activation of lower-level 
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actuators. Here we classify the organ (e.g., heart, etc.) as the actuator responsible for the final 

movement as the 3rd level actuator. Regarding structural design, the third (3rd) level actuators 

share many similarities with the 2nd level actuators if we consider the basic motions such as 

contraction, bending, twisting, etc. Interestingly, these basic motions combine to yield vastly 

diversified complex motions, including locomotion of natural species.  

 

The contraction and relaxation of muscles, for example, are responsible for all the complex 

motions and postures of animals through the 3rd level of structural design. The smooth muscles 

shorten to decrease the diameter of the arteries, or isometrically contract to maintain the shape of 

the arteries under blood pressure by adhering circumferentially to their wall.[37,38] In small 

intestines, two layers of smooth muscles aligned longitudinally and circumferentially produce 

length and diameter changes of intestines for peristaltic transport of food.[39] For walking, 

jumping, and lifting, antagonistic muscle pairs are connected to the bones with elastic tendons 

for acceleration, deceleration, and stabilization.  

 

The power amplification to produce extremely large forces or speed for a burst performance 

needed by animals and even plants during escaping and hunting is achieved using the 

fundamental principle of storage and rapid release of elastic strain energy. Elastic energy is 

stored in soft tissues, such as the chameleon’s tongue before projection (Figure 2-4c)[40], frog’s 

ankle tendons before jumping (Figure 2-4a)[41], larvae’s roll-up body before jumping (Figure 

2-4d)[42], and suddenly released to produce large power beyond the capability of muscles. For 

example, the Fern sporangia generate elastic energy by bending the annulus (row of cells) under 

decreasing humidity. The energy is rapidly released by cavitation that leads to a catapult of 

spores (Figure 2-4b).[21] Increasing the spring constant of a biological spring while maintaining 
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the elastic flexibility further promotes the power output. A superb example is the deadly strike of 

the Mantis shrimp, whose elastic tissues for strike assistance are partially mineralized that help 

deliver a time-averaged power density of 2700W kg-1 muscle.[43] In comparison, the power 

output of the frog during jumping (800W kg-1)[44] and the chameleon’s tongue during projection 

(2000W kg-1)[45] are relatively lower due to the energy storage in soft tissues. Bistable structures 

provide another energy storage approach featuring an intrinsic energy barrier and release of 

elastic energy upon appropriate stimulation. The mantis shrimp and VFT utilize bistable 

elements to amplify the power output (Figure 2-4e).[46] VFT, known as one of the fastest among 

plants with a leaf closure time of 100 milliseconds, configures its leaves in a bistable-curved 

shape. Once mechanically triggered, the water influx in the motor cells drives the snap-bucking 

instability followed by rapid leaf closure.[20] 
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Figure 2-4. Power amplification motion of biological organisms. (a) Frog jumping. (b) The 
structure of Fern sporangium and the rapid bending of its annulus for pore projection. (c) 
Tongue projection of chameleon during hunting. (d) Curling of larvae to store elastic energy for 
jumping. (e) Mantis shrimp and its predating appendage components. (f) Bistable leaves of VFT. 
(a) Reproduced by permission.[41] Copyright 2015, COMPANY OF BIOLOGISTS LTD. (b) 
Reproduced with permission.[21] Copyright 2012, American Association for the Advancement of 
Science. (c) Reproduced with permission[40]under CC-BY license. (d) Reproduced with 
permission.[42] Copyright 2019, COMPANY OF BIOLOGISTS LTD. (e) Reproduced with 
permission.[43] Copyright 2009, COMPANY OF BIOLOGISTS LTD. (f) Reproduced with 
permission.[20] Copyright 2005, Springer Nature. 

 
In summary, it is important to learn how the natural actuators generate a wide range of force, 

power, and strain with limited capability of elemental actuators through the hierarchical 

structural design and material assembly. The remarkable examples elucidating this phenomenon 

have been discussed in this section by grouping the actuators in three hierarchical categories. The 

natural muscles clearly illustrate the diversified motions through their hierarchical structural 

design. Animal muscles can produce stresses (isometric) up to 30 Ncm-2, determined intrinsically 

by the volume density of myofilaments and muscle size[47], and strains up to 20%[48] that may 

help avoid damage. Muscle cells are grouped and arranged in a supportive matrix to transform a 
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small mechanical output into a large force. More flexibility is introduced by selective activation 

of actuator groups, organization, and alignment of lower-level actuators, mechanical assistance, 

and confinement of supportive elements. Secondary to the ordinary movements, nature also uses 

various methods to amplify the output forces and speeds by storing elastic energy in the muscles, 

tendons, or by using bistability. The structure-function relationship in the actuation to produce 

biological motion can provide remarkable insight and inspiration for the design and improvement 

of soft manmade actuators. 

 

2.3  Manmade Soft Actuators  

2.3.1 The Design Process for Soft Actuators  

In general, the design steps for soft actuators include choices of the stimulus/energy input and 

responsive material followed by structural design and, in the end, system integration, as 

illustrated in Figure 2-5a. The stimulus/energy is the driving force to power the actuators. 

Almost all forms of stimuli (e.g., electrical, magnetic, electromagnetic, thermal, chemical, etc.), 

as well as materials (polymers, papers, carbon, etc.), have been explored for soft actuators. The 

choices are often driven by the material’s sensitivity to the stimulus and other system constraints 

(and/or application requirements). Besides the material and stimuli, the distinguishing 

characteristics of the soft actuators can be in their structural design and/or geometrical 

configurations.  

 

In terms of the input energy, its amplitude, gradient, and power (speed) are important for the 

actuation performance. For example, in the case of the dielectric elastomers (DE), the energy 

amplitude is the applied electrical potential (voltage) that produces Maxwell stress (s) to 

compress the DE film, but the energy gradient, electric field (E), determines the amplitude of 
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stress acting on the film (s = =
>
e?e@𝐸>). Therefore, one approach to increase the actuation strain 

of the DE actuator (DEA) is to increase the electric field by reducing the thickness of the DE. 

Other important aspects in the input energy selection are the precision, reliability, and flexibility 

of the input control. For example, the electrical and pneumatic energy types are relatively easily 

controlled, modulated, and implemented compared to the thermal energy that is slow and less 

accurate in application. Moreover, some stimuli can be applied remotely, while others need to be 

connected to bulky hardware.  

 

While the selections of input energy and material are interdependent, the intrinsic properties of 

the materials define their response. These properties include thermal (phase change, etc.), 

sorptive (moisture response, etc.), electrical (conductivity, etc.), electro-magnetic (polarizability, 

etc.), photosensitivity (photothermal, etc.), and mechanical properties (Young’s modulus, etc.). 

Some of these properties can be tuned by introducing functional groups that react to different 

stimuli[49], by formulating composites to enhance performance[50–52], and by tuning the 

mechanical properties to vary the output strain[53]. 

Once the material and stimulant are chosen, the next step is to assemble the materials into 

functional structures to scale, direct, and distribute the force and displacement. Additional 

considerations are stability, integrity, reliability, and repeatability of the actuator performance. 

Structures from nanoscales to macroscales are created by using fabrication techniques such as 

self-assembly and 3D printing in order to achieve the desired performance. Soft actuators based 

on LCEs[54] and pneumatic channels[55] are exemplars of nanoscale and microscale structures, 

respectively. There is a tremendous variety of structures used for soft actuators, such as layered 

structures for out-of-plane deformation, stacked structures for higher force output, anisotropic 

structures for directional deformation, tubular structures for multiple bending directions, origami 
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structures for folding and deployment, and structures with snap-through instability for a burst of 

power output. Simulation tools (i.e., ANSYS, ABAQUS, COMSOL) are useful to build virtual 

actuators with necessary parameters to help provide insight into the relationship between 

material as well as structural parameters and performance.  

 

The fabrication methods used for soft actuators include processes such as molding[56], 3D 

printing[57], self-assembly[54], and inkjet printing[58]. These offer varying levels of spatial 

resolution, the capability of multiple material assemblies, alignment, and optimization[59]. 

Finally, the integration of multiple components of the actuator system is performed for trigger 

and control.  Among many considerations at this stage are energy input, control, deployment 

environment, interconnects, sensing and feedback, signal processing, and communication.  

To illustrate the four design steps of soft actuators, as well as the opportunities and challenges of 

the bioinspiration in soft actuators, here we examine a natural[4,60], and a manmade[61] actuator 

with a similar working principle (Figure 2-5b, c). Constructed from hygroscopic materials, these 

two actuators are responsive to the environmental moisture gradient. They form bilayer 

structures with different swelling characteristics of each layer that leads to the bending motions. 

The resultant bending actuators are incorporated into higher-level systems for different 

applications, i.e., plant seed dispersal and textile thermal management. In particular, the natural 

actuator in the form of the scales of pinecone (Figure 2-5b) are composed of two layers of 

assembly of mature cells differentiated by the winding angle (angle between the length of fibril 

and cell directions) of the cellulose fibrils in the cell walls[4]. These reinforcing fibrils restrict cell 

elongation when winding at a small angle and allow cell elongation when winding at a large 

angle. As a result, the differential expansion of the cells in two layers leads to the bending of the 

scales upon humidity change. As a result, the decrease in environmental humidity induces the 
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opening of the pinecone scales and thus releasing the seeds. The manmade moisture-driven 

bilayered actuator is designed to perform similarly (Figure 2-5c)[61]. Moisture-responsive 

materials (biological cells or extracellular matrix materials) are printed on a moisture-insensitive 

layer to form the bilayer bending structure. The differential swelling of the two layers results the 

bending motion. By integrating them into apparels, the moisture-induced bending motion results 

in opening of the pores on the clothing and thus increasing the air flow. A thermo-regulative 

smart apparel with autonomous tuning of air flow can be produced.  

 

Bioinspiration can potentially play an important role in the design of soft actuators. In a way, 

they can be described as the manmade counterparts of the biological actuators. Soft actuators 

built from compliant materials are “designed” for mechanical resilience and active deformation 

to generate stresses and strains to power the movements necessary for locomotion, grasping, and 

lifting. Functionally, the performance characteristics of biological actuators that power the plants 

and animals are also desired in manmade actuators for the same reasons, that is, to do mechanical 

work while providing the needed movements. Therefore, the actuation mechanisms found in 

nature are excellent exemplars of designing soft artificial actuators[12,62]. So far, the structural 

features of the pinecone, wheat awn, VFT, and others and their morphing behavior have inspired 

the design of manmade soft actuators capable of producing various motions[3,12]. With simplified 

structures, the manmade soft actuators can potentially perform similarly or even better than the 

natural actuators in some of the essential characteristics. However, due to the limited fabrication 

techniques, there are still challenges in mimicking some natural structural features. Fabrication 

of structures with mechanical gradient and hierarchy might enable artificial soft actuators with an 

all-around performance, including the mechanical (e.g., strength and flexibility) and actuation 

performance (e.g., stress and strain). 
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Figure 2-5. Design processes for soft actuators. (a) Steps in the design process, of (b) a natural 
actuator (pinecone), and (c) an inspired manmade actuator (moisture-sensitive textile actuator). 
From the choice of stimulus (from the bottom) to the selection of the stimuli (moisture)-
responsive materials followed by arrangement of materials into bilayered structures to the 
integration of bilayered bending actuators into the higher-level system. (b) Reproduced with 
permission[60] under CC-BY license. (c) Reproduced with permission.[61] Copyright 2017, 
American Association for the Advancement of Science. 

 

2.3.2 Structural Design of Soft Actuators 

2.3.2.1 Linear motion 
Linear motion (contraction and extension) is fundamental to the morphing ability of almost any 

actuator and is commonly employed by lower-level biological actuators (e.g., muscle cells) and 

manmade actuators (e.g., linear motors and McKibben muscles) to produce directional force-

displacement. The linear motion can be used, for example in, robotic arms[63], and the 

tubular/fiber-shaped linear actuators[64,65] can be assembled in smart textiles[66] as well as 

healthcare devices[67]. Linear actuation parameters, including but not limited to the tensile strain 

(%) (also known as tensile stroke), tensile stress (MPa), strain rate (%/s), bandwidth (Hz), 
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specific work output (kJ/kg), and energy efficiency (%) are relatively easy to quantify. Mirvakili 

et al. have provided a detailed discussion on the performance parameters of a wide range of these 

actuators.[9] 

 

While the development of smart materials such as shape memory polymers and dielectric 

elastomers have demonstrated superior actuation performance by some measures compared to 

that of biological muscles[68], the optimal structural design of these actuators can further improve 

their performance. Here we discuss the structural design principles of soft linear actuators 

together with the challenges and opportunities. The examples of linear actuators discussed here 

include capacitive actuators with a particular focus on stacked DEAs[69], pneumatic/hydraulic 

tubular actuators with fiber reinforcement[70] and buckling structures[71], thermo-responsive 

polymer fibers[72,73], and TCP actuators[66,74].  

 

Capacitive linear actuators 
 
Linear actuators are designed to produce linear displacement resulting in unidirectional stress or 

strain. Electrostatic stress in a parallel capacitor is unidirectional, instantaneous, precisely 

controlled, and if large enough, it is able to compress an elastomeric film. Since the discovery of 

the deformation of rubber in an electric field in 1880[75], the dielectric elastomer (DE) actuators 

have been investigated and have attracted tremendous attention due to their large actuation strain 

under a high electric field[76]. In brief, when a DE film is sandwiched between a pair of 

compliant electrodes and a sufficiently large electric field is applied, the film experiences 

thickness compression and area expansion as a result of Maxwell stress and electrostrictive 

stress.[77] Depending on the elastic nature of DE almost full and fast shape recovery after 

electrical discharge is possible.  
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Both thickness and areal strains in DEs have been utilized to design linear actuators. The 

displacement in the thickness direction is typically amplified by stacking multiple DE actuator 

layers connected electrically in parallel to respond in unison. The resulting total linear 

displacement is the sum of each DE layer’s thickness strain (Figure 2-6a). Various fabrication 

methods have been proposed (Figure 2-6a, b, c) for the stack actuators. The first generation of 

stack actuators was fabricated by spin-coating individual DE film layer by layer with mask 

printed electrodes.[78,79] However, this method requires great laminating precision for appropriate 

electrode placement. In a subsequent improvement, the folded DE actuators were fabricated by 

folding only one DE layer with a pair of electrodes placed on its two surfaces (Figure 2-6b).[69] 

Yet another method of stacking a linear DE actuator was proposed by cutting thin helices from 

an elastic tube and placing the electrodes on either side of the helical film (Figure 2-6c).[80]  

 

The areal expansion of DE is utilized to make linear actuators by configuring the DE into tubular 

structures. A hollow elastomeric fiber fabricated like a cylindrical capacitor in Figure 2-6d shows 

the elongation as well as radial expansion when actuated with an electric field. By applying 

prestrains, uniaxially or uniformly (through inflation), the actuation strains in length and radial 

directions were tuned due to the prestrain-induced mechanical anisotropy.[65] Figure 2-6e 

presents the rolled DE actuator that converts the biaxial actuation strain to uniaxial force output, 

as the radial strain is further restricted by the adhesion and friction between layers.[81] In other 

approaches to direct the uniform areal strain in the length direction, a biaxially pre-stretched DE 

film is wrapped around a compressed helical spring to form a spring roll configuration. Once the 

film is secured at the ends, the areal expansion due to activation of the film results in linear 

expansion of the roll, see Figure 2-6f.[82,83]  
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While efforts have been underway to improve the actuation performance of DEs, along several 

directions, including increasing the permittivity, tuning the elastic modulus for higher strain or 

stress, and reducing the thickness, a new type of electrostatic actuators, called hydraulically 

amplified self-healing electrostatic (HASEL) actuators, shows great promise.[84] In a HASEL 

actuator, a liquid dielectric medium is enveloped by a thin elastomeric shell replacing the 

traditional monolithic DE, to provide much higher output forces, see Figure 2-6g, i. When a 

voltage is applied, the active area is compressed in the thickness direction, driving the liquid 

dielectric to the inactive area and forming, in this instance, a donut shape (Figure 2-6i). The pull-

in instability, which is fatal to traditional DE films is utilized here to greatly enhance the 

actuation strain and speed (Figure 2-6h). Further, by stacking the HASEL units, the thickness 

increase of each unit leads to a linear strain of 37% and a high actuation frequency up to 20Hz 

(Figure 2-6i). Even a higher linear strain of 79% can be achieved by uniaxially prestretching the 

actuator in the planar direction with a constant load (Figure 2-6l).  

 

While the HASEL actuators require an encapsulation of liquid dielectrics for the hydraulic 

pressure, the electrostatic zipping actuators utilize the electrostatic stresses by using several 

droplets of liquid dielectric without any encapsulation.[85] Electrostatic zipping actuators are 

simple in design but are capable of producing extremely large actuation strokes and forces, as is 

shown in Figure 2-6k, l, m. Although they all utilize electrostatic forces, one of the most 

significant differences is that the traditional DE and HASAL actuators maintain a uniform 

distance between electrodes before and during actuation, while that in the electrostatic zipping 

actuators decreases from the center to the hinge, allowing the stresses to first build-up at the 

hinge and gradually extending to the whole strip as it zips to close (Figure 2-6k). By applying a 
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small droplet of, for example, silicone oil to the hinge, both permittivity and dielectric strength of 

the interface increase, while the former enhances the Maxwell stress and the latter permits 

application of higher voltage. Various origami structures have been proposed to provide lift 

forces utilizing zipping actuators; see Figure 2-6l and m.[85] 

 
 

 
Figure 2-6. Capacitive linear actuators. (a-c) Design of stacked DE actuators for linear 
actuation using thickness strain. (d-f) Design of tubular DE actuators for linear actuation using 
areal strain. (g-l) HASEL actuator: (g) schematic of the working principle, (i,k) two actuator 
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design schematics and, (j,l) their actuation performances. (m-o) Electrostatic zipping actuator: 
(m) schematic of the working principle, (n) actuation performances and, (o) an origami structure 
design and its actuation performance. (a) Reproduced with permission.[79] Copyright 2017, 
Springer Nature. (b) Reproduced with permission.[69] Copyright 2007, IOP Publishing. (c) 
Reproduced with permission.[80] Copyright 2005, IOP Publishing. (d) Reproduced with 
permission.[65] Copyright 2007, Elsevier. (e) Reproduced with permission.[81] Copyright 2018, 
John Wiley and Sons. (f) Reproduced with permission.[83] Copyright 2017, Author. (g-l) 
Reproduced with permission.[84] Copyright 2018, AAAS. (m-o) Reproduced with permission.[85] 
Copyright 2018, AAAS. 

Pneumatic/hydraulic linear actuator 
 
The pneumatic/hydraulic actuation has been widely explored to build soft robots primarily 

because of their advantages such as large force output, ease of prototyping and control, actuation 

reliability, and available bench-top fabrication techniques. Among the diverse soft actuators, 

pneumatic/hydraulic actuators seem to have the most commercial successes.[86–90] In fabricating 

these actuators, silicone elastomers are the most commonly employed material because of their 

commercial availability in a broad range of tunable mechanical and time-dependent properties as 

well as facile fabrication. By creating air channels in layers of elastomer films, the pneumatic 

pressure created by external pumps can be readily controlled and directed to inflate and deflate 

the soft actuator to produce various motions and forces.  

Although the pneumatic (or hydraulic) pressure is isotropic in the channels, the directional 

deformation of the elastomer matrix can be accomplished by creating appropriate structures (e.g., 

corrugated)[71] or by introducing mechanical anisotropy with oriented reinforcing fibers[70] [91]. 

For example, in an elastomeric tube with radially wound inextensible fibers, the radial 

deformation of the tube is constrained, and therefore the increase of inner pressure results in the 

axial extension, radial expansion, or twisting of the tube (Figure 2-7a).[91] In particular, by 

aligning the fiber at an angle to the longitudinal direction of the tube, the volume expansion 

tends to rotate the tube together with limited length and radial changes. To deliver linear 

extension or contraction motion, the rotational deformation can be canceled by winding two sets 
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of fibers symmetrically about the tube for torque balancing.[70] A well-known critical angle of 

54.7° defines the boundary between linear contraction and expansion.[92] Additionally, by 

covering the fiber-reinforced pneumatic-driven-elastomeric tubular linear actuator with a 

kirigami skin, the extension and contraction of the tube can generate crawling locomotion 

(Figure 2-7b). The crawling of the tube upon inflation and deflation is due to the buckling pattern 

of the kirigami skin that introduces directional friction.[93] 

 

Another type of linear actuator driven by pneumatic pressure relies on the buckling of its 

structure. Figure 2-7d shows two buckling beam actuators contracting in length when the 

vacuum is applied. Negative pressure is utilized for safer implementation and large contraction 

(actuation strain and stress up to 45% and 65kPa).[71] Another pressure-driven actuator shown in 

Figure 2-7c can extend several times of its own length while lifting up a heavy weight. The large 

output strain and force originate from the origami skeleton, where the pressure change acts to 

unfold and extend the origami structure. Such actuators are easy to prototype at low cost, and 

different design and integration are demonstrated to produce multiple DOF at different scales.[94] 
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Figure 2-7. Pneumatic linear actuators. (a) Schematics of fiber-reinforced pneumatic actuators 
showing different actuation motion. (b) Directional motion of a pneumatic actuator due to the 
kirigami skin with various cut patterns. (c) A pneumatic actuator with an origami skeleton. (d) 
Negative pressure-driven actuation of buckled structures. (a) Reproduced with permission.[91] 
Copyright 2017, the Authors. (b) Reproduced with permission.[93] Copyright 2018, American 
Association for the Advancement of Science. (c) Reproduced with permission.[94] Copyright 
2012, John Wiley and Sons. (d) Reproduced with permission.[71] Copyright 2016, John Wiley and 
Sons. 

 

Thermal-activated linear actuators 
 
Thermal-driven soft actuators convert the heat to mechanical output, typically through the phase-

change of the materials.[95–97] The two effects of phase-transition, mechanical property and 

volume change, have been used to build soft actuators with stiffness-tuning features[97] and 

thermal-induced motions[96]. Compared with the electrostatic and pneumatic actuators that 

utilized “external” forces (i.e., electrostatic attraction compresses the dielectric elastomer, and 

the pneumatic/hydraulic pressure expands elastomeric channels), the thermal soft actuators 

deform due to the “internal” stress developed within the responsive materials. These “internal” 
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stresses can result from the change in the mobility of molecular chains near the phase transition 

point or the breakage of intermolecular bonds. The “internal” stresses utilized for the shape 

change of soft actuators include thermal expansion[98] and shrinkage[99], solvent-induced 

swelling[100], photo-induced isomerization[101], potential-induced ion redistribution[102], shape 

memory effect (SME), etc.  

 

A well-known example of internal stress-induced deformation is the thermal-responsive SMP, 

which upon thermal activation, deforms to most commonly an irreversible shape from a 

predefined temporary shape. Figure 2-8a is a typical process for structuring and activation of 

shape memory polyethylene (PE).[72] To develop the shape memory properties, the thermoplastic 

PE is cross-linked to provide fixation points for processing (AàB). After being heated above its 

melting temperature (Tm) (BàC), the PE is stretched to a temporary shape (CàD) and held until 

the temperature is down below its Tm where crystalline structures are formed to sustain this 

temporary shape (DàE). When the temperature is elevated again above the Tm, the crystalline 

structures are melted, and the internal retractile stresses due to prestretch is released, leading to 

shape recovery (EàC).  

 

One of the shortcomings of the SMPs as a soft actuator is that it requires manual shape reset after 

the thermally induced change in shape. Therefore, reversible SMPs have been developed by 

mechanically loading the SMP[103,104] or by using mechanical coupling with an elastic 

component[105]. The reversible deformation through mechanical loading is based on the 

crystallization-induced elongation of the SMP under constant tensile stress and melting-induced 

contraction.[103] For example, a shape memory PE film under constant tensile stress of 0.855 

MPa has been reported to exert 40% reversible strain under cooling and heating cycles.[104] 
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Another method uses a bias spring as the elastic component to reset the deformation of the SMP. 

Along this line, Chen et al. laminated a prestretched shape memory polyurethane (SMPU) and a 

passive PU to construct a reversible bending actuator, where the heat-induced contraction of 

SMPU generates bending, and the elastic recovery force of passive PU leads to unbending.[105]   

 

While bilayer structures are common in bending actuators (cf. section 0), specially configured 

bilayers can also be used for linear actuators. Mehmet et al. proposed a large stroke linear 

actuator by configuring a bicomponent fiber into a helical structure that can be actuated by the 

thermally induced differential expansion of the two components.[73] The bicomponent fiber 

composed of an elastomer and PE is drawn from a precursor, see Figure 2-8b. The periodic 

helical shape is generated upon release of the fiber from a high stretch (Figure 2-8c). While the 

applied stretch elastically deforms the elastic component, rubber (fully recoverable deformation) 

it plastically deforms the PE (partially recoverable). Therefore, when the stretch is removed, the 

contraction mismatch results in the helical deformation of the fiber, where the PE component 

moves to the outer portion of the helical fiber. Interestingly, the coiled fiber is generated with 

two ends fixed from rotation. This phenomenon of reverse handedness is observed in nature, in 

particular, in the tendril of cucumbers[36], and was also reported in early textile literature[35]. The 

actuation behavior of the helical bicomponent fiber is shown in Figure 2-8d. Upon moderate 

heating (up to 10℃) from ambient temperature, it can generate a reversible linear strain up to 

50%. The bilayered structure in the coil is the key to the large deformation of the structure from 

a small strain in one layer, and the helical configuration converts the bending of the bilayer into a 

linear deformation. 
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Figure 2-8. Thermal activated linear actuators. (a) Fabrication and working principle of shape 
memory PE. (b-d) Bicomponent fiber actuator: (b) extrusion of a bicomponent fiber composed of 
PE and an elastomer, (c) coil generation in the fiber by stretching and releasing, and (d) 
thermal-induced linear contraction. (a) Reproduced with permission.[72] Copyright 2012, 
Elsevier. (b-d) Reproduced with permission.[73] Copyright 2019, American Association for the 
Advancement of Science. 

 

Twisted and coiled polymer linear actuators 
 
Twisting is an ancient and essential technique to assemble fibers into textile structures such as 

yarns and ropes. In recent years, twisted fibrous structures have been explored as a new type of 

soft actuator, labeled as twisted and coiled polymer (TCP) artificial muscle. The TCPs can be 

designed to exhibit two types of actuation behavior, torsional and linear, while the former 

actuation is generated by highly twisted fibers, the latter is caused by the twisted and then coiled 

fibers. The TCPs can not only be fabricated relatively easily using a wide range of materials, but 

they also stand out among the many soft actuators because of their fast rotational speeds in 

torsion and remarkable linear stroke and force output in linear modes. The working principle of 
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TCPs is based on the radial expansion-induced torsion of the highly twisted structures and the 

torsion-induced linear motion of the coiled shapes. The radial expansion of constituent fibers can 

originate from the thermal expansion, ionic charge influx, or solvent diffusion. Therefore, the 

responsive materials used for the TCP yarn actuators include thermally responsive polymers such 

as nylon and PE[106], conducting fiber-forming materials such as carbon nanotubes[74] and 

graphene[107], solvent swelling polymers such as silicone rubber[108] and hygroscopic swelling 

fibers[109].  

 

There are two general categories of TCP yarn actuators based on the material arrangement in the 

TCP structures. In one case, the TCP is composed of only one fiber material, where the fibers 

serve both as the responsive material for radial expansion and as the smart structure that converts 

the diameter change into the intended actuation strain. Thermo-responsive TCPs such as those 

made of nylon and PE and hygroscopic fiber-based TCPs are in this category. In the other case, 

the twisted fiber is coated or infiltrated with guest materials, where the fibers serve as the 

structural skeleton that transforms the volume expansion into torque. One example is the 

electrical charge injection-based carbon nanotube (CNT) TCP. When electrically charged, it 

produces a large tensile contraction in an electrolyte environment, which can be liquid[110] or 

solid electrolyte that is infiltrated into the structure during fabrication[74]. The applied electrical 

potential induces a large amount of ion injection into CNT bundles to neutralize the charges and 

result in the volume expansion of the CNT yarn. Another example utilizes the volume expansion 

(e.g., hygroscopic expansion, thermal expansion) of the guest materials for actuation. In this, the 

twisted fiber serves as a structural element that converts the volume expansion of the guest 

material into torsional motions. Mu et al. compared the actuation performance of pristine CNT 

yarn, CNT yarn coated or infiltrated with functional polymers (Figure 2-9a).[111] A larger 
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actuation stroke has been reported for the coated TCPs than the infiltrated ones, while the 

pristine CNT yarn produced the minimum response. The advantages of coating over infiltration 

were reported as, 1) improved actuation performance (higher stroke, actuation speed, and work 

density), as the deformation on the yarn surface is more effective than near the core of the yarn; 

2) higher actuation performance at same conditions lead to higher energy efficiency; 3) lower 

cost of materials and less energy consumption. 

 

The mechanical principle of TCP actuation is akin to the fiber-reinforced pneumatic actuators, 

where the pressure-driven volume expansion is directed into linear motion and/or rotation, 

depending on the orientation of the reinforced fibers (Figure 2-7b). However, the twisted yarn 

actuators have significantly more complex geometries in which; 1) the structures can be 

composed of a monofilament, filament yarns, as well as staple yarns, and different composition 

results in different microstructure parameters, 2) the helix angle (angle between the length 

direction of the constituent fibers and that of the yarn) decreases from the surface to the center of 

the yarn, 3) the yarn geometry and properties are very sensitive to the fabrication processes, such 

as twist density and mechanical conditions during and after twisting, 4) a variety of hierarchical 

structures from nanoscales to macroscales can be formed, including the twist-distorted molecular 

rearrangement in the fiber, fiber migration in the highly twisted yarn, and coils formed due to 

over-twisting or mandrel winding. The structural and mechanical parameters at different levels, 

coupled with the nature of material responses, lead to the ultimate actuation behavior of the TCP. 

 

The importance of understanding the mechanics of the twisted structures to design better 

products (e.g., yarns, cords, ropes, etc.) has been recognized long ago by many engaged in textile 

research.[112] The renewed interest in the analysis of twisted structures stems from the recent 
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need to understand the physical origin of the actuation performance and the intimate structure-

function relationship of the TCP actuators. The single helix model and elastic spring mechanics 

are often used to analyze the geometries and actuation response of TCPs.[106,113] Aziz et al. used 

the single helix model to quantitatively link the volume expansion of the twisted fiber to the 

resulting torsional/linear actuation.[113] For the twisted yarns (or fibers), the ratio of twist change 

due to yarn volume expansion is expressed as, 

B
BC
= (EC

E
FGCGHIJFKGCK

GCGHIJGCK
)
M
I                                  Equation 1 

where the structural parameters with and without the subscript 0 represent their values before and 

after actuation, respectively. V, l, d, n are the volume, length, diameter, and number of twists of 

the yarn. The parameter ls is the precursor fiber length before twisting, which is assumed to be 

constant throughout the experiment, and λ is the ratio of yarn length after and before actuation 

(l/l0). By assuming negligible length change of the yarn during actuation (λ=1), the free torsional 

stroke (∆𝑇, untwisting per unit length of the yarn), can be written as, 

   ∆𝑇 = BC
GC
(NC
N
− 1)                                    Equation 2 

The resulting blocking torque (tPGQRS) is calculated based on the well-known elastic rod theory 

as, 

     tPGQRS = ∆𝑇𝐽𝐺                                           Equation 3 

where, J is the polar moment of inertia, G is the shear modulus, and the product JG is the 

torsional stiffness of the yarn. For the twisted and coiled yarn, the change in the coil length (∆L) 

due to yarn untwisting can be calculated using the mechanics of elastic springs, and is expressed 

as, 

         ∆𝐿 = ∆WGI

X
                                                Equation 4 

where, N is the number of turns of the coil, and 𝑙 is the length of the yarn forming the coil.  
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A large body of research on TCPs has been published after the early discovery of the remarkable 

actuation of CNT yarn[110] and nylon filaments[106]. Ongoing investigations on TCPs explore a 

variety of materials, twist geometries, processing types, theoretical modeling, stimuli type, 

performance improvement, and application areas. Some of the examples of TCP actuators are 

shown in Figure 2-9. Highly twisted, two-ply, twisted, and coiled (due to overtwist), and two-ply 

of coiled yarns are shown in Figure 2-9b.[74] When the CNT-based TCP is immersed in an 

electrolyte bath and electrically charged, the opposite charges migrate from the electrolyte into 

the CNT yarn due to electrical potential gradient, resulting in fast reversible rotation of the yarn 

or immediate yarn length contraction.[110] In the actuation setup for the CNT-TCP in a liquid 

electrolyte shown in Figure 2-9c, half of the TCP is active, and the other half serves as the 

reversing mechanism. DC voltage is applied to the TCP and a counter-electrode, while a 

reference electrode is used for voltage recording. Lee et al. improved upon this pioneering work 

by replacing the liquid electrolytes with solid electrolytes and by avoiding the unwanted 

untwisting of the inactive part of the yarn via torque balanced plied structure, see Figure 2-9b. In 

this work, two S-twisted yarns are plied in the Z direction to achieve the torque balance of the 

structure. The solid electrolyte is infiltrated into the yarn after twisting for both torsional and 

tensile TCPs.[74] Mu et al. improved the actuation performance of CNT-TCP by coating the solid 

electrolyte on the surface of the yarn where the response is maximum due to the highest helical 

angle, instead of infiltrating the entire yarn (Figure 2-9a).[111] 

 

Low-cost, low-weight polymer fibers have also shown great potential in the field of twisted yarn 

artificial muscles, and the most popular means of actuation are heat and solvent. A fabric 

structure made from nylon TCPs, with integrated heating elements for electrothermal actuation, 
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is shown in Figure 2-9e. The coiled nylon yarn is annealed just below its melting temperature to 

set the shape. The electrothermal actuation is enabled by wrapping a thin copper wire for 

resistive heating. The coiled nylon TCPs can be further assembled into fabrics to produce smart 

fabrics with the potential application of thermo-regulative clothing and smart curtain by 

changing fabric porosity and/or permeability.[66] Figure 2-9f demonstrates one of the applications 

of coiled polymer yarn as the antagonistic contractile muscles for the robotic arm. The double 

helix yarn composed of spandex and nylon is capable of producing 48% tensile stroke and lifting 

much larger weight than those yarns composed only of nylon.[114] 
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Figure 2-9. TCP linear actuators. (a) Cross-sectional views of a twisted yarn, infiltrated and 
coated with functional materials. (b-d) CNT-based TCPs: (b) hierarchical structures of twisted 
CNT yarns, schematic of electrical actuation in (c) liquid, and (d) solid electrolyte. (e) Structure 
of nylon TCP and their assembly in a fabric. (f) A robotic arm powered by a Nylon/spandex 
TCP. (a) Reproduced with permission.[111] Copyright 2019, AAAS. (b, d) Reproduced with 
permission.[74] Copyright 2014, ACS. (c) Reproduced with permission.[110] Copyright 2011, 
AAAS. (e) Reproduced with permission.[66] Copyright 2016, National Academy of Sciences. (f) 
Reproduced with permission.[114] Copyright 2018, John Wiley and Sons. 
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2.3.2.2 Bending, wrinkling, and folding  
When an isotropic and homogeneous plate is mechanically bent, there is a continuous strain 

distribution along the thickness of the paper, where the maximum compressional and maximum 

tensile strains locate at the outside of the concave and convex surfaces, respectively, and the zero 

strain resides at the middle, known as the neutral plane. Conversely, when tensile or compressive 

strain is actively induced away from the neutral bending plane of a 2D structure, it bends. Based 

on this principle, out-of-plane deformations, such as bending, wrinkling, and folding in soft 

actuators, are achieved. 

 

Natural examples of this mechanism of bending, wrinkling, and folding, to derive different 

morphing structures are abundant. For example, the scales of pine cone bend to release seeds at 

decreasing environmental humidity, mimosa leaflets spontaneously fold upon touch[23], the inner 

surface of the porcine airway develops wrinkled morphology due to volumetric growth of lining 

tissues[115], and the extremely large area ratio of earwig wings between folding and unfolding 

enables it to navigate efficiently both in air and at the ground[32]. The engineering analogs of 

these natural morphing structures are active bending, wrinkling, and self-folding soft actuators. 

They have been used in the locomotion of soft robots[116], smart textiles for active moisture 

management[61], wings of drones with better aerodynamic performance[117], etc.  

 

The underlying mechanism of these deformations is the strain localization driven by the tunable 

anisotropic mechanical behavior, residual stresses, and mechanical mismatch between layers of 

laminates. The basic design principles to produce localized strains utilizes gradients in either of 

stimuli/energy input, degree of response of the materials to the stimuli, stiffness of the material, 

and the flexibility of structures, for bending, twisting, and wrinkling actuation, see Figure 2-10. 

The first method of gradient stimuli input-induced bending can be simply demonstrated by 
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placing a thin cellulose film on the palm of your hand. It bends upward due to exposure to higher 

humidity at the near-hand side.[118] A steep gradient in material response is achieved by coating a 

thin layer of moisture-insensitive material to the same cellulosic film that can bend 

unidirectionally under a homogeneous environment (e.g., humidity chamber). A more typical 

strategy to generate bending, twisting, or wrinkling is introducing differential mechanical 

stiffness in the composite, typically using laminates. For instance, DE films can be laminated 

onto a stiffer elastic film to produce bending DEAs, and a variety of actuation performances are 

achieved with additional fabrication steps, such as fiber reinforcement for directional 

bending[119,120] and anisotropic surface stress mismatch for bistable bent structures and binary 

actuation[31].  

 

Figure 2-10a-c illustrate the light-induced reversible winding and unwinding of a thin liquid 

crystal elastomer (LCE) film.[121] The cylindrically twisted film, when exposed to UV, reversibly 

winds or unwinds, depending on the directional anisotropy of the film Figure 2-10a. Here, the 

shape change originates from the anisotropic deformation of the nematic LC doped with 

azobenzene molecules that undergo photoisomerization (Figure 2-10b). The orientation of 

nematic LC is specially designed with a gradual change from 0° to 90°, from the top to the 

bottom surfaces of the film, which converts the microscopic deformation to anisotropic 

macroscopic bending (Figure 2-10c).  

 

Compared to the delicate microstructural design that always involves sophisticated chemical 

synthesis and modification, layered structures are more predominant in the manmade bending 

actuators for the ease of fabrication and multifunctionality of the different layers. They can serve 

as the structural support layer, stimuli-responsive layer, mechanical tuning layer, protective 
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layer, etc. Ionic polymer-metal composites (IPMC) actuator for example, is typically composed 

of two electrically conductive layers and a middle ionically conductive layer soaked with an 

electrolyte. Upon activation with a low voltage, the ion migration within the middle layer causes 

swelling near one electrode and shrinkage near the other, causing bending. The film unbends as 

the voltage is removed.[122]   

 

Folding is a special case of bending often due to an abrupt local drop in mechanical stiffness due 

to a minimum in-plane width or thickness or a highly localized bending moment. A self-folding 

robot made from shape memory polymer - prestretched polystyrene (PSPS) - is shown in Figure 

2-10d.[98] The robot can self-fold from a flat sheet into a pre-defined structure and then walks by 

cyclic folding of certain hinges. As shown in Figure 2-10e, two types of hinges for unidirectional 

and bidirectional folding are designed for the purpose of shaping and movement. To form these 

hinges, the laminates, initially composed of two contractive surface layers of PSPS, two passive 

paper substrates as inner layers, and a middle polymer-backed electrical circuit, were selectively 

laser trimmed to remove materials from the surfaces. The resultant hinge structures are shown in 

Figure 2-10e, where the structuring hinge bends unidirectionally, and the walking hinge bends 

bilaterally, under the activation of the contractile shape memory layer. 

 

Multistable bent structures can also be fabricated by laminating films with stress mismatch. 

Natural organisms such as Mantis shrimp and VFT employ bistable structures for high power 

output (force and speed) and structural stability for morphing. The bioinspired structural design 

of a bistable DEA is shown in Figure 2-10f-h.[31]  It has two predefined bent shapes (Figure 

2-10h) and can rapidly roll up under a short duration of voltage input (Figure 2-10f). The bistable 

laminate comprises two prestrained elastomer layers and a strain-limiting film in the middle, 



   

50 
 

with the former serving as both an elastic energy reservoir and an active element under the 

electric field, and the latter serving as the neutral bending plane (Figure 2-10g). The electric 

field-induced strain of the DE layer activates rapid snap-through of the laminated actuator.[31]  

 

While we consider the film and the laminate as 2D structures, most pneumatically or 

hydraulically driven actuators can be regarded as 3D structures. There are macroscopic channels 

for the fluid flow and consequent production of force. Although there are various investigations 

into the structural design for larger bending angles, faster actuation speed, and higher force 

output, the fundamental principle remains the same as the 2D bending, i.e., stress or stiffness 

gradient in the thickness direction. Therefore, pneumatic bending actuators are generally 

composed of asymmetric air channels in an inflatable body, with the bending motion enhanced 

by corrugated structures and strain-limiting layers.[55,123] While the air/fluid flow induces the 

volume expansion of the channels, the corrugated structure and the strain-limiting layer improve 

and limit the deformation, respectively. Mosadegh et al. reported a pneumatic bending actuator 

design with improved actuation speed and output force (Figure 2-10j-k).[55] Two structural 

designs are shown in Figure 2-10j. While both pneumatic actuators are composed of an 

extensible top layer and an inextensible bottom layer, the second design (Figure 2-10j, right) has 

disconnected top layers for higher bending flexibility and smaller channel size near the bottom 

layer for faster inflation.  
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Figure 2-10. Bending, twisting, and folding actuators. (a-c) UV-actuated LC twisting actuator: 
(a) twisting and untwisting deformation of the actuators cut at different angles to the LC 
orientation, (b) the actuation principle, and (c) a top view of the LC alignment and different 
cutting angles. (d) A self-folding-based walking robot, and (e) its hinge design. (f-h) Bistable 
bending actuation of DEA: (f) side view of actuation motion showing the two stable shapes, (g) 
schematic of actuator fabrication, and (h) photographs of the two stable shapes. (i-k) Pneumatic 
bending actuator: (i) two structural designs and (j-k) demonstration of the actuation behavior. 
(a-c) Reprinted with permission from [121]. Copyright 2014 Springer Nature. (d-e) Reprinted with 
permission by [98]. Copyright 2014 American Association for the Advancement of Science. (f-h) 
Reprinted with permission from [31]. Copyright 2018 John Wiley and Sons. (i-k) Reprinted with 
permission from [55]. Copyright 2014 John Wiley and Sons. 

 

2.3.2.3 Crawling and rolling 
Crawling and rolling are common types of motion in mollusks such as worms, slugs, and 

octopuses. For example, caterpillars propel their body by generating a wave of contraction and 
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relaxation of their body segments.[33] Octopus moves and captures prey through its eight flexible 

arms.[124] Compared to rigid skeletons and joints, these soft-bodied animals have increased DOF 

that enables multi-directional bending, extension, and contraction. Although there seem to be 

issues and challenges, such as low speed and force, lack of stability under turbulence, the 

complexity of position control of end effectors associated with the soft body actuation, animals 

have their unique methods to overcome them. For example, the slow locomotion of caterpillars is 

enhanced by generating larger peristaltic waves, or even by curling up into a wheel and roll with 

the momentum (Figure 2-11a-b).[33] The octopus arm presents a very complex motion and 

unique fetching ability.[125] It has infinite DOF, originating from the three-dimensional (3D) 

arrangement of muscle fibers that are oriented along the longitudinal, transverse, and helical 

directions.[126] Instead of sending commands from the central nervous system, many motor 

neurons are distributed in the arms to control the complex motions of the flexible arms in a more 

efficient but simple manner.[124] 

 

Interestingly, during fetching, the octopus arm can move like the vertebrate arm to precisely 

control the position of the end effector by creating joints with stiffened muscles.[125] 

The mollusks capable of crawling and rolling with infinite DOF can be described as having a 

cylindrical body composed of lengthwise actuation modules with muscle fibers arranged in 3D 

like the octopus’ arm. The activation of differently aligned muscles generates contraction, 

extension, bending, and twisting of the modules, and the integrated actuation of the modules 

results in the complex motion with multiple DOF. 

This concept of design with multiple DOF provides insights for fabricating soft actuators with 

diverse motions and locomotion. For example, the pneumatic channels[127], shape-memory 

fibers[128], and DEs[82] have been incorporated into cylindrical bodies to produce the multiple-
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DOF actuation. Inspired by the rolling locomotion of the caterpillar, Lin et al. designed a soft 

worm-like robot that can rapidly roll up into a wheel to increase the speed of motion over 20-

fold.[128] The robot is composed of a cylindrical body made of silicone elastomer and two SMA 

muscles connected to the body in series to induce the rolling motion see Figure 2-11c. In 

particular, the SMA muscles are coordinated appropriately to generate enough angular 

momentum to initiate the free-wheel rotation (Figure 2-11d). In another report, Pei et al. 

presented a self-walking robot whose legs were composed of cylindrical DE units.[82] As shown 

in Figure 2-11e, the robot is composed of six legs that bend sequentially to move the body. Each 

leg can bend in multiple directions due to the arrangement of four sets of independently 

controlled electrodes (Figure 2-11f) to enable multidirectional locomotion of the robot. While the 

multiple DOF tubular actuators assembled in parallel control the walking direction of the robot, 

they can be assembled in series to increase the DOF (Figure 2-11e). Martinez et al. proposed a 

soft pneumatic gripper that is able to deform according to the shape of the target object and thus 

grab objects of different shapes (Figure 2-11i).[127]  Such grasping capability is due to the 

sectioning of the gripper, arrangement of the pneumatic channels, and their individual control 

(Figure 2-11g, h). In each section of the gripper, three peripherally arranged channels lead to 

three bending directions, and three body sections generate a total of 27 combinations of motion, 

in addition to the tunable actuation amplitude of each pneumatic channel. 
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Figure 2-11. Crawling and rolling actuators with multiple DOF. (a) Images of a moving 
caterpillar, and, (b) mechanism of its different locomotion. (c) A caterpillar-inspired soft 
actuator design and (d) the actuation performance. (e) Two applications of the spring-roll DEA, 
and (f) the schematics of the spring-roll DEA. (g) Images and (h) schematics of a pneumatic 
actuator with multiple DOF, and (i) its grasping behavior. (a-b) Reprinted with permission from 
[33]. Copyright 1997 Springer Nature. (c-d) Reprinted with permission from [128]. Copyright 2011 
IOP Publishing. (e-f) Reprinted with permission from [82]. Copyright 2004 IOP Publishing. (g-i) 
Reprinted with permission from [127]. Copyright 2012 John Wiley and Sons. 
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2.3.2.4 Power amplification 
Soft actuators are generally limited by their power output. The low morphing speeds and small 

mechanical forces of soft materials are two primary reasons for the low power output. As the soft 

actuators, in general, work by deforming their own bodies instead of through displacement of the 

discrete elements, the morphing speed becomes restrained by the intrinsic response time of the 

material in relation to the stimuli. For example, electrostatic and pneumatic actuators respond 

typically faster than electrochemical, thermal, and moisture-driven actuators. When the 

electrostatic force or the pneumatic pressure difference is applied, the elastic materials deform 

almost instantaneously and relatively fast to reach the mechanical equilibrium where the external 

and elastic forces are counterbalanced. On the other hand, in the case of the thermally driven soft 

actuators, the actuation speed is restricted by both the generation of temperature gradient 

(depends on thermal diffusion) and the material response.  

To generate a high power output and speed seemingly beyond their physiological limits, animals 

and plants utilize power amplification strategies, avoiding the necessity of large energy 

consumption. Such a burst of power output is a necessary approach to generate extreme motion 

(high speed, force, or displacement) instantaneously or in a short period of time by a sudden 

release of stored energy. For example, the Fern sporangium effectively ejects the spore by rapid 

elastic energy release through a catapult-like motion of a bent annulus.[21] Chameleon projects its 

tongue at the target via direct mechanical energy transformation from the prestressed elastic 

tissues, with a peak power of 3000W/kg, which is about 10-fold of its muscle’s normal power 

output.[129] Nematodes can jump an average nine times their body length to reach a host insect. 

The nematode, while standing on its tail, bends its body to store elastic energy, which is 

suddenly released when the surface tension of water that helps hold the body in bent shape is 

overwhelmed by the recovery force of the bent body, leading to the jumping motion.[17] Mantis 

shrimp is well-known for its deadly strike that can cause water cavitation and can smash hard 
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shells. Its raptorial appendage has a stiff saddle-shaped spring that is compressed to store a high 

amount of elastic energy prior to the smashing.[18] The leaf closure speed of VFT, recognized as 

the fastest in the botanic world, results from the snap-through instability of its bistable shell 

structure.[20]  

 

The structural design of the soft actuators for power amplification requires energy storage and 

coordination between two key elements: the elastic element that deforms to preserve elastic 

energy and the latching mechanism that can help store and instantaneously release the elastic 

energy. The natural organisms mentioned earlier offer three potential strategies to meet the 

requirements; (1) Using muscle (or other internal elastic elements) for energy storage and 

external forces for energy release (e.g., jumping off of the nematode[17]). (2) Using muscle for 

energy storage and a structured element for energy release (e.g., chameleon’s tongue 

projection[129]). (3) Using a bistable structure both for energy storage and release (e.g., rapid 

opening of VFT[20]). 

 

Power amplification through energy storage and release is also used in soft manmade actuators 

for superior actuation capabilities to produce fast grasping and weightlifting of robotic hands[130] 

as well as rapid locomotion of soft robots[131]. For example, rapid and powerful soft grippers with 

self-holding capability are fabricated by prestressing an elastomeric layer and laminating it to a 

strain limiting layer, see Figure 2-12 a, b.[132] External energy input, such as pressurized air[130] 

or electric field[132], is applied to open the structure, which rapidly closes by itself upon removal 

of the external force due to the stored elastic energy. In this way, the gripper not only responds 

faster but also grasps objects with a larger force regardless of external energy input. Also, the 

strategy obviates the need for continuous application of the external energy that might lead to 
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dielectric breakdown.[132] Multistable structures with multiple routes for energy minimization 

offer another means of amplification. With this approach, it is possible to create soft grippers 

with self-sustainable open and closed states. For example, the pneumatic tentacle, shown in 

Figure 2-12c-d, opens under pressure and rapidly curls and captures the insect when the pressure 

is removed, while the bistability enables the pneumatic actuator to rapidly and reversibly 

transform between the open and closed state with short blast of pressure supply.[130]  

 

 
Figure 2-12. Soft actuators with power amplification structures. (a-b) Prestressed DE-based soft 
gripper and fabrication process. (c-e) Prestressed bistable pneumatic actuators for high speed: 
(c) fast actuation of the biomimetic tongue, (d) fabrication schematics of the bistable structure, 
and (e) rapid closure of the biomimetic VFT. (a-b) Reprinted with permission from [132]. 
Copyright 2007 AIP Publishing. (c-e) Reprinted with permission from [130]. Copyright 2019 John 
Wiley and Sons. 

 

2.4  Fabrication Techniques for Soft Actuators  

One of the advantages of using soft materials is their facile processing that offers opportunities 

for shaping materials in a wide range of length scales. Synthetic polymers constitute the majority 
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of the materials used for soft actuators and are classified into thermoplastic and thermoset types. 

The fabrication processes for both types usually start from the liquefied form such as melts or 

solutions, followed by solidification through cooling, solvent evaporation, and/or curing 

(crosslinking), during which the designed structure is formed. Three basic forms of structures, 

i.e., 1D structure (i.e., fiber), 2D structure (i.e., film), and 3D structure, are fabricated by 

extrusion, casting, and various molding techniques, with a variety of structural characteristics 

and features from nano to macro levels introduced by small modifications of or combinations of 

these three techniques. Lately, 3D printing has become a popular method for bench-top 

fabrication for soft actuators. Complex shapes and features such as hollow inner structures, 

overhangs, curves, and others that are unachievable or difficult with conventional manufacturing 

methods, can be fabricated in one single step by 3D printing. 3D printing is somewhat limited in 

material diversity and spatial resolution required for soft actuators despite its potential. In 

fabricating soft actuators, the active material is often packed with other components with 

distinctly different properties made of different materials and requires different fabrication 

methods. While designing and assembling these independently fabricated components, issues 

such as mechanical compatibility and functional continuity should be considered. The advantage 

of the availability of polymers in a wide range of properties and their ease of processing as well 

as modification provide solutions to some of these issues. For example, the interfacial 

mechanical failures can be addressed by improving interfacial strength via plasma treatment on 

the surface of different parts to promote bonding.[133] Another issue is the necessary electrical 

interconnects within and around the soft actuators. The lack of integrity of the electrical 

connections due to repetitive and/or large deformation caused by mechanical property mismatch 

of soft body and metallic wires can be resolved by using flexible conducting materials such as 

conducting polymers or polymer-metal composites.[134] Polymer composites offer another 



   

59 
 

versatile route of processing for soft actuators. Composites incorporating a variety of materials at 

different structural levels are widely used in natural and manmade products because of their 

ability to produce outstanding complementary and sometimes synergistic functional properties. 

For soft actuators, composites can provide additional functionalities to create multi-stimuli active 

actuators, help introduce mechanical anisotropy for directional deformation, or improve the 

properties such as conductivity and mechanical strength. For example, conductive nano-/micro- 

particles are mixed with elastomers to fabricate soft electrodes for DEAs.[135] Although these 

conductive rubber electrodes are limited by the mechanical modulus due to the conductive fillers, 

they have good adhesion, better compliance to produce large and uniform deformation than 

shaped (e.g., serpentine) metallic traces. 

 

Soft actuators can be fabricated using either a bottom-up and top-down approach. Similar to 

nature’s approach of “growing” elementary constituents into functional muscles, bottom-up 

fabrication arranges active and supportive materials into functional structures.[54] [136] Among a 

variety of bottom-up fabrication methods, while coating and laminating are used for 2D film 

structures, molding and 3D printing are popular techniques for 3D structures. Besides these 

commonly used fabrication methods, other methods, albeit less utilized, include self-assembly 

and fiber extrusion. Unlike the bottom-up approach, top-down fabrication techniques are 

subtractive in that the desired structures are generated by removing materials from the bulk 

through selective dissolving (chemical etching), burning (laser etching), cutting, or etching. The 

top-down methods are not stand-alone methods for soft actuator fabrication but are typically 

used as assistive tools for shaping. A representative example of the bottom-up fabricated soft 

actuator is the kirigami-based actuators, where patterns created by cutting blade or laser are 

critical to the response.[93] 
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A brief overview of the various current and potential fabrication techniques for soft actuators 

focusing on their capabilities, considerations, and limitations is presented in the following. 

Finally, an in-depth discussion of opportunities and challenges in soft actuator fabrication is also 

included. 

 

2.4.1 Molding 

Molding is a conventional manufacturing and prototyping method to create structures, by filling 

a structured mold with liquid precursor materials followed by solidification and demolding. Most 

pneumatic actuators are fabricated by molding, where liquid silicone - the most popular 

elastomeric material for soft actuators - is cured in a mold with appropriate channel structures 

and additional strain limiting components.[137]  

 

Molding can be classified into laminate casting (also known as soft lithography), retractable-pin 

casting, lost-wax casting, and rotational molding.[56] Among these, laminate casting is often used 

in fabricating pneumatic and fluidic actuators, as it enables more versatile internal hollow 

structures.[56] Using this method, the main structure of the actuator is fabricated in two or more 

parts with the open channel, which is then bonded together by adhesives to form the inner 

microfluidic channels (Figure 2-13a). However, the structures tend to fail at the interface. 

Retractable-pin casting is an alternative method that produces a more mechanically robust 

structure without the part-bonding steps that enable the fabrication of relatively simple internal 

structures. To generate complex internal structures while maintaining mechanical integrity, a 

potential solution is lost-wax casting by utilizing wax as the mold that melts upon heating. 

Rotational molding, usually used in manufacturing large size plastic tubes and containers, has the 
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advantage of producing uniformly thick walls but lacks the capability to produce complex 

structures.[138] Marchese et al. designed a variety of structures of hydraulic actuators and 

proposed different molding recipes for rapid prototyping, according to their structural complexity 

and desired actuation performances.[56] Notably, three structures were fabricated, including 

cylindrical (retractable pin), ribbed (laminate casting and lost wax), and pleated shapes (lost 

wax). Upon comparing performances such as actuator stiffness, output forces, and required input 

pressure of the three actuator morphologies, a suitable and reliable fabrication method was 

suggested for the desired performance. 

2.4.2 3D Printing 

With the development of additive manufacturing, also known as 3D printing, many complex 

structures can be fabricated with ease without human handling. With a variety of deposition and 

solidifying methods, structural components with a wide range of resolution and structural 

complexities can be fabricated. Compared to molding, 3D printing has more flexibility in 

shaping materials, facilitated by digital design, more material selection from metals, polymers, 

gels, to composites, more flexibility in material blending, and coextrusion for composites, higher 

precision due to automatic control, and higher fabrication efficiency. Yirmibesoglu et al. 

compared molding and 3D printing by fabricating pneumatic actuator structures with different 

levels of complexity. He found that fabricating the same structures with the same material, 3D 

printed actuators perform better or match the performance of the molded counterparts, in 

addition to the better fabrication reliability and simpler fabrication processes.[136]   

 

A variety of 3D printing techniques have been developed to meet specific application and 

material requirements, with a wide range of resolutions from several to hundreds of microns.[57] 

Fused deposition modeling (FDM) is the most commonly used technique for prototyping 
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structures with thermoplastic materials such as acrylonitrile butadiene styrene (ABS) and 

polylactic acid (PLA). In FDM, the 3D shapes, previously designed in software, are generated 

with a heated nozzle extruding and depositing molten polymers in layers on a heated stage 

moving in the third dimension. The FDM process can help produce complex inner structures 

using multiple materials, but the current lack of process compatible soft materials limits its 

application in fabricating soft actuators.  

 

In order to print soft materials for stretchable and compliant devices, direct ink writing (DIW) 

with a variety of elastic polymers such as silicones[139], hydrogels[140], and liquid crystal 

elastomers[141] has been reported. The DIW printing process starts with the preparation of 

viscoelastic ink with appropriate viscosity that is pumped out through the nozzle controllably at 

programmed positions, followed by the solidification treatment. Multiple inks can be mixed 

before the extrusion process to tune the mechanical properties of the printed materials [142], or 

extruded from several nozzles to form different functional part of the object [143]. For example, a 

multi-material DIW platform, shown in Figure 2-13c, was used to fabricate objects mimicking 

the biological, mechanical gradient. A 3D printed hand that resembles the shape and the 

mechanical gradient of a human’s hand is shown in Figure 2-13d, with local modulus values 

spanning three orders of magnitude.[142] Another multi-material 3D printing approach is 

extruding different materials from different nozzles. Zhang et al. reported a stiffness-tunable 

pneumatic actuator, with different components printed in one process via a commercial multi-

material 3D printer. A variable-stiffness pneumatic actuator is fabricated with incorporated shape 

memory polymers and heating elements via 3D printing.[143] Other examples of 3D printed 

actuators include dielectric elastomer actuators[144], hydrogel actuators that respond to multiple 

stimuli[145], magnetically activated actuators[59], liquid crystal polymer actuators[146], etc. 
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2.4.3 Thin-film Fabrication 

Maybe the most common and essential shape in soft actuators are films. In some cases, films are 

considered as the main body of the actuator that is responsible for the designed function.[147] In 

other cases, films in soft actuators can serve as the strain limiting layers in bending actuators[31], 

as flexible electrodes that help generate the electric field in DEAs, as a functional outer layer to 

facilitate unique interactions with the environment.[93,148,149] and as the active layer in the 

laminates that generate the unique motions such as bending and twisting[31,150]. For example, the 

DEA is a typical film-based soft actuator, which is basically composed of a thin DE film 

sandwiched by two even thinner compliant electrode layers.[120] Depending on the material 

properties and morphological parameters, a variety of fabrication techniques such as dip coating, 

spin coating, spray coating, blade casting, screen printing, inkjet printing, etc., can be used to 

form films, see Figure 2-13c. These techniques apply viscous polymer fluids to a substrate and 

form uniform films with thicknesses ranging from nanometers to millimeter-scale[151] followed 

by appropriate solidification. Fabricating a free-standing film usually requires a flat and rigid 

substrate with low surface energy, while applying a functional layer in the form of a film on a 

substrate to make layered structures needs to consider the substrate surface roughness and the 

interfacial strength. Considering the material and structural diversity of soft actuators, current 

thin-film fabrication processes still require improvement for better uniformity, handling, control 

of residual stresses, precise deposition, and lamination.  

 

Among the various film fabrication techniques, dip coating[152], spin coating[153], and drop-

casting[154] are the most common and convenient bench-top techniques for rapid prototyping of 

soft actuators, with the film thickness ranging from several microns to submillimeter and size of 

several square centimeters. The processes are relatively simple and are compatible with polymer 
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fluids with a range of viscosities. Drop-casting is the simplest method in which a predetermined 

amount of fluid is added onto a substrate to form a uniform layer. However, it is limited to low 

viscosity fluids and a small coating area. Spin coating is a fast process, where droplets of 

polymer applied at the center of a substrate are evenly spread by rapid substrate rotation. Dip 

coating is a slow process where a substrate with the necessary shape is immersed into a liquefied 

polymer and removed at a specified speed. Here the film thickness is tunable by solution 

viscosity, speed of withdrawal, and the number of dipping steps.  

 

Conductive films are often required to be patterned on soft actuators for electrical actuation and 

sensing, such as compliant electrodes for DEAs, electrothermal coating for bilayer actuators, 

interdigitated electrodes for electro-adhesive devices and resistive sensors for strain detection. 

Precision patterning of conductive films is important for both mechanical compliance and 

specific functions such as electro-adhesion. To create patterned films, a variety of techniques 

including screen printing, soft lithography, and inkjet printing, are employed. In screen printing, 

the ink is pushed through a screen with a patterned mask and selectively penetrates through the 

screen mesh, leaving a patterned thin layer on the substrate that is later solidified by solvent 

evaporation, heat, or UV exposure.[155] Soft lithography is typically used in microfluidic devices 

to pattern the internal channels and is also useful to fabricate thin films with nanoscale surface 

topologies.[156] In comparison, inkjet printing is mask-less and contact-less and has the advantage 

of larger-scale production and fewer human errors.[58] Inkjet printing is similar to FDM in a way 

that they both extrude the fluidic material out of the nozzle onto a substrate that subsequently 

solidifies it. While inkjet printing is designed for 2D fabrication, the FDM is meant for 3D 

shapes. Therefore, the parameters crucial in the FDM process, including the material viscosity, 

nozzle size, drop height, curing speed, are also crucial in inkjet printing for pattern resolution and 
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precision. Additionally, the interface compatibility and strength between the printed material and 

substrate also needs to be taken into account for inkjet printing. 

 

2.4.4 Self-assembly 

With the increasing trend of device miniaturization, nanofabrication for functional structures 

with sub-micron features is becoming more important. Self-assembly of structures is 

fundamental in nature and it provides an attractive route for fabricating miniaturized structures in 

engineering synthesis. It is an autonomous process to aggregate components into stable and 

functionalized structures due to specific local interactions under certain physical or chemical 

conditions.[157] Self-assembly takes place at the molecular level or higher, where the components 

and the surrounding environment have mutual recognition properties. These properties can lead 

to non-covalent or weak covalent interactions between molecules or higher-level interactions due 

to external influences such as electromagnetic field and surface tension.[158] These interactions 

responsible for building nano- or mesostructures can be initiated and tuned by chemical and 

physical stimuli to direct the self-assembly processes and increase the structural complexity.[159] 

 

The published literature in employing self-assembly techniques in soft actuator fabrication are 

few. Liquid crystal elastomer (LCE) is one type of material that undergoes self-assembly during 

fabrication. LCEs have been utilized as stimuli-responsive materials for soft actuators that are 

able to change shape based on the arrangement of the self-assembled liquid crystal (LC) 

molecules.[54,160] Ware et al reported LCE-based actuators with programmable shape changes by 

creating complex profiles of self-assembled LCs using an optical patterning method.[54] Another 

example of self-assembly is in the nanostructured block copolymer. The linear block copolymer, 

styrene-ethylene-butylene-styrene (SEBS), self-assembles into micellar structures surrounded by 
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rubbery matrix, as a result of incompatibility between two polymer segments in the 

supramolecule. Such physically cross-linked copolymer elastomer has been investigated as DEA 

with tunable electromechanical behavior via modification of mechanical stiffness and 

polarizability.[53] 

 

Mechanical self-assembly is from a totally different perspective, and it is often utilized to 

structure soft actuators. Mechanical self-assembly refers to the spontaneous shape deformation 

due to strain-induced mechanical instability.[161] Strain in soft materials is relatively easily 

developed by stretching, swelling, thermal expansion, etc., and therefore provides a powerful yet 

simple solution to soft actuator structuring. For example, using a simple stretch-attach-release 

process, a variety of 3D structures can be obtained.[161] Typical structures such as helical ribbons, 

rolled tubes, multistable multilayers are generated by stretching and mechanically restraining the 

strain with certain boundary conditions. Amon et al. investigated the chiral-forming mechanism 

of seed pod and experimentally mimicked the structure via the stretch-attach-release route. By 

cutting a strip from a laminate at various angles to the stretch direction, different helical 

configurations were obtained (Figure 2-13d).[162] Shao et al. reported bistable DEAs based on 

this principle.[31] Particularly, the bilateral stretch on two DE films is supported by a stiff middle 

layer. The release of external forces results in self-shaping into two bent shapes. Structural 

diversity of the bistable DEAs is achieved by tuning the internal (mechanical properties of the 

material) and external (stretch, the direction of stretch) parameters.  

 

2.4.5 Textile-based Methods: A Conventional but Renewed Approach 

The conventional textile processes have been recently used to fabricate soft actuators. Textile 

processes are designed to transform various polymers into fine fibrous structures such as fibers, 
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yarns, and fabrics and assemble them into products in our daily life, providing potential solutions 

to multiple challenges in the fabrication and integration of soft actuators. First of all, the two 

basic textile structures, i.e., fibers and films, have unique structural features such as huge surface 

area and anisotropic mechanical properties that are important to the actuation performance of 

soft actuators. Second, textile processes from fiber spinning to fabric assembly can produce a 

variety of structures from elementary level (fiber) to higher levels (e.g., fabrics), providing 

potential approaches to actuator structuring and integration. Third, the large-scale fabrication of 

textiles can accelerate the production speed of soft actuators from current bench-top techniques. 

Lastly, with the increasing need of intelligent human interfaces such as haptic devices, smart 

wearables, and rehabilitation devices, textile products can serve as ideal substrates that provide 

structural integrity, flexibility, comfort, and desired mechanical properties to integrate soft 

actuators to the near-human environment.  

 

Figure 2-13h-j presents schematics of three major textile manufacturing steps, including fiber 

extrusion (or, spinning), yarn twisting (also known as spinning), and fabric assembly. Similar to 

extrusion-based 3D printing, fiber extrusion is a fast process to produce continuous 1D 

structures. The unique macro- and microstructures of fibers formed during extrusion bring about 

excellent properties for soft actuators. For example, the extremely large aspect (length/diameter) 

ratio of fibers leads to low bending stiffness and large surface area that can improve the 

mechanical flexibility and stimuli-responsiveness of the fiber-shaped actuators. Stimuli-induced 

radial expansion of some fibers due to the anisotropic response originating from the molecular 

alignment during the spinning process has been utilized for actuation.[106] Extrusion of fibers 

with multiple polymeric components and different cross-section shapes can be used for structural 

designs of soft actuators. For example, Arora et al. proposed fiber-shaped DEAs with a trilayered 
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core-sheath structure, where the inner core and outer layer are conductive, and the middle layer 

is a dielectric.[65] Kanik et al. reported a bicomponent fiber actuator by coextrusion.[73] Here two 

materials with different thermal expansion coefficients were parallelly extruded to form a 

bicomponent fiber that actuates due to differential thermal expansion. 

 

Highly twisted fibers and yarns have been used to fabricate TCP actuators that exhibit 

remarkable actuation behavior and largely outperform other soft actuators.[106,111] More details of 

this type of actuator are provided in section 0. The TCPs reported thus far, however, are typically 

limited in length due to the currently used two-end-tethered twisting process. As an old 

technique in the textile industry, twisting is a large-scale continuous process that can produce 

yarns of thousands of meters (Figure 2-13e). Adapting such a continuous twisting method for 

TCP fabrication can open up new applications and markets.   

 

In textiles, yarns are assembled into fabrics in almost infinite varieties of periodic patterns (or 

designs) by weaving, knitting, braiding, etc. They have distinct mechanical properties due to 

their structural features and can potentially open up new approaches to design soft actuators.[163] 

Fabrics can be used as actuator structures or substrates to provide reliable mechanical integrity 

and a means of system integration. For example, electroactive polymers were coated onto 

passive fabrics with different structures (knitted and woven) to construct textile actuators that 

can produce tunable forces.[164] Shape memory fibers were woven into a fabric to generate 

bending and twisting motions.[165] Moisture-sensitive yarns were knitted into a fabric that 

contracts under increasing humidity.[166] 
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Figure 2-13. Fabrication techniques for soft actuators. (a) Molding processes and (b) a soft 
pneumatic actuator fabricated by molding. (c) A multi-material printing machine (d) the tunable 
mechanical properties of the printed object. (e) Schematic of spin coating and blade coating 
processes to make bilayer structures. (f) Fabrication of mechanically self-assembled structures, 
and (g) the self-assembled helical structures. (h-j) Schematic of textile processes from fiber 
spinning, yarn twisting, to fabric assembly. (a-b) Reprinted with permission from [56] under CC-
BY license. (c-d) Reprinted with permission from [142]. Copyright 2018 John Wiley and Sons. (e) 
Reprinted under CC BY license [150]. (f-g) Reprinted with permission by [162]. Copyright 2011, 
American Association for the Advancement of Science. 

 

2.4.6 Soft Actuator Fabrication: Opportunities and Challenges 

The biggest advantages of soft actuator fabrication are the diversity of soft materials and their 

ease of processing. In general, thermoplastic (e.g., nylon, polypropylene, polyethylene) and 

thermoset (e.g., silicone, polyurethane) polymers constitute two major types of soft materials for 

actuators. The property of phase change between bulk solid and viscous liquid near the melting 
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point (Tm) enables the flexibility in shaping thermoplastic polymers. The characteristics 

associated with melting, melt-flow, and subsequent solidification are well-understood for the 

fiber-forming polymers in the textile industry and are recently adopted by polymer inkjet 

printing in 2D and extrusion-based 3D printing for structuring soft actuators. On the contrary, 

thermoset polymers transform from liquid or soft solid to harder solid under heat, during which 

non-reversible chemical reactions take place to interlock individual molecules in a chemical 

network through the process of crosslinking. Other crosslinking methods include ultraviolet 

(UV) radiation, mixing with catalyst, and even adding water (for hydrogel). Two-part silicone 

products are the most common thermoset polymers in prototyping soft actuators, primarily due to 

their great variety of crosslinking methods, reaction time, liquid viscosity, and the mechanical 

properties of the cured elastomer.  

A variety of fabrication methods cover the soft actuator size ranging from micrometers to meters 

with complex shapes. While molding and 3D printing are widely used to create 3D shapes, spin 

coating and blade coating are commonly used for uniform and thin 2D films. Soft lithography 

and self-assembly are able to create nanoscale and microscale features, and the resultant ultrathin 

films are ideal for electronic device miniaturization. Textile processes, although not yet widely 

utilized in soft actuator fabrication, have recently gained attention due to their potential to 

produce unique functionalities, promising structural hierarchies, and scaled-up manufacturing.  

Intensive interest in wearables research has also drawn attention to textiles.  

 

Despite the advantage in soft material processing and the rapid advancement of fabrication 

techniques, there are still ongoing issues that remain to be addressed. These issues include 

delamination between individually fabricated parts as a result of poor interfacial strength, 

precision during multi-process fabrication, undesired internal stresses due to thermal expansion 
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or solvent evaporation, interconnects for conductive pathway, etc. Unlike conventional rigid 

actuators that are composed of individually manufactured parts and discretely joined components 

with fasteners, soft actuators typically have their functional components seamlessly merged 

together without additional “screws”. Therefore, creating complex architectures using multiple 

materials with strong interfacial bonding is challenging. For example, the fabrication of silicone-

based pneumatic/hydraulic actuators are convenient with molding technology. However, the 

sophisticated macro to micro internal channel fabrication is difficult. Solutions to this issue can 

be molding several subparts and then glue parts together or removing the supportive inner core 

by dissolving or other means. When it comes to sticking parts together, the bonding strength and 

alignment of parts are two major concerns. The bonding strength between different parts, 

generally speaking, is determined by the various interfaces from relatively flat surfaces to fibrous 

surfaces and to dispersed-particle laden surfaces. It also involves various materials with similar 

or dissimilar mechanical and chemical properties. Approaches to enhance interfacial strength 

include surface treatment (e.g., plasma activation) and the development of stronger adhesives. 

Another issue is introducing or eliminating internal stresses in the soft actuators. When internal 

stress is necessary for energy storage (e.g. prestressed elastomer film), it is important to employ 

techniques to stretch uniformly, uniaxially, or biaxially, and subsequently maintain the stress for 

subsequent processes. In many cases, the internal stress built up during fabrication is unwanted 

and may lead to structural deformation and instability. This problem is more predominant in 

fabricating thin laminates with soft materials, where the internal stresses are induced from 

solvent evaporation, temperature variation, and handling that results in undesirable film bending 

and wrinkling. 
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In general, improved and diverse fabrication techniques that are scalable instead of benchtop 

manual assembly are needed to achieve multiple functionalities such as flexibility with structural 

integrity, ease of energy/stimuli input, and control.  

 

2.5  Conclusion  

The need for reliable actuators that are soft, compact, powerful, fast, and lightweight is 

increasing and is currently mostly unmet. As more actuation principles and materials are 

explored for greater performance, the structural complexities of the devices are increasing. In 

this review, we discuss the relationship between actuator structure and the resulting motions. We 

begin with a review of how natural actuators produce diverse performance by utilizing 

hierarchical structures and discuss how manmade actuators can benefit through the 

understanding of natural designs. We then review the variety of motions generated by manmade 

soft actuators and the related structural designs. Finally, we present a discussion of current and 

potential fabrication methods for soft actuators.  

 

The biological organisms produce remarkable actuation motions by assembling lower-level 

actuators into larger structures in a hierarchical manner. While the 1st level actuators (motor 

cells) only exhibit monotonic motions and microscale forces, the 2nd level actuators (tissues) 

constructed by bundling, layering, and other forms produce diverse motions and enhanced output 

forces. The 3rd level actuators (organs) generate visible actuation motions of the biological 

organisms to physically interact with the external world. The 3rd level actuators are assembled 

from the 2nd level actuators and other supportive elements, sharing similar structural design 

principles as the 2nd level actuator. Simplified models have been proposed to effectively explain 

the diversity of natural actuation phenomena and provide guidance for the design of soft 
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actuators. Compared to the well-evolved biological actuators, soft manmade actuators are still in 

its infancy, with relatively simple structures and limited motions. The most common motions 

produced by manmade soft actuators, including linear extension and contraction, bending, 

twisting, and folding, have been achieved by constructing responsive materials into mostly 

rudimentary structures, such as laminated layers of DEs for linear displacement and placing 

reinforcing fibers in pneumatic actuators for tunable and anisotropic actuation. Some deviation 

from this to more complex designs for multiple DOF motion and rapid motion have been 

reported. 

 

Exploring and adopting the key elements of biological actuators/motors to produce controlled 

artificial motion is challenging but potentially rewarding. This rapidly advancing research area is 

at the confluence of some of the primary disciplines of science and engineering and is deeply 

interdisciplinary. The mimicry of biological structures has opened up limited but significant 

pathways for improvements in soft manmade actuators. One of the reasons for the little success 

is the deficiency of current fabrication techniques. Currently, fabrication methods such as 

molding, 3D printing, as well as many thin-film fabrication and deposition techniques are 

employed to make various structures for soft actuators. However, such problems as structural 

scalability (nano- and micro-actuators), precision, multi-material fabrication, complex inner 

structures (hollow structure), and large-scale manufacturing remain challenging. Additional 

challenges arise from the seamless integration of often mechanically incompatible components 

such as sensors, power supplies, and processors into a functional system. Elegant but simple and 

practical ideas to solve these and other problems in designing soft actuators may just be there in 

the natural mechanisms around us.  Nature produces useful functions at the least energetic and 

materials cost using hierarchical structures. In living systems, motions to perform complex tasks 
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originate in muscles. Successful artificial systems can just be based on mimicking the motions 

using available mechanisms rather than trying to copy the mechanism of muscles; biomimicry 

and bioinspiration should not be seen as bio-replication. Abstracting good ideas from living 

systems to stimulate the invention of new processes or functional solutions may open up 

unlimited opportunities, now and in the future.     
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Chapter 3 Bioinspired Actuation and Morphing in Textiles 

3.1  Introduction 

While conventional textiles serve as passive covers (clothing, carpet, etc.) and tools 

(rope, fishing net, etc.) in every aspect of human life, new functionalities such as sensing and 

actuation are being incorporated into textiles to achieve “smartness” akin to living organisms. 

Textiles-based actuators have potential applications in many emerging areas of smart wearables, 

as textiles have evolved as human-environment interfaces (e.g., clothes, gloves) and human 

factors such as biomechanics and comfort, durability, as well as aesthetics have already been part 

of the development.   

The ability to controllably actuate fiber or fabric elements in textiles for active movement 

and generating force could be an important innovation in smart textiles. These actuation elements 

have been integrated for various end-use applications including shape-morphing apparels for 

thermoregulation[1], smart gloves for rehabilitation[2] and augmented realities[3], exoskeletal 

suits for motion assistance[4], artificial muscles for robotics[5], etc. Many of these developments 

are based on movements in plants and other natural organisms, whose marvelous actuation 

behavior have evolved over many thousands of years for optimal efficiency, functionality, as 

well as survival and adaptation. For example, fibers have been utilized as the unique shape for 

skeletal muscle cells to best exploit their contractile actuation[6], and as the mechanically 

anisotropic fillers on the plants’ cell wall to tune their swelling response[7]. 

For the following discussion, we consider textile actuators as those having textile 

constituents (fibers, yarns, fabrics) as active or supportive parts in an active-morphing system. 

For example, shape memory fiber (SMF) is a fiber-level textile actuator that changes shape at 

elevated temperature. SMFs integrated into a fabric produces a fabric-level actuator that can 

bend, twist, or contract[8], [9]. In another instance, textile fibers and fabrics are used in 
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conjunction with soft pneumatic actuators as mechanical modifiers to guide the pressure-induced 

deformation pattern[2]. Textile-based actuators can be potentially fabricated in a variety of 

structures ranging from micro- to meter-scales based on the use of shape-responsive fibers, in the 

form of yarns or fabrics. These structures provide a wide range of mechanical properties, 

including the robustness and compliance of textiles; characteristics that are desirable for soft 

actuators. The compact textile structures and their methods of assembly can be of help in system 

integration.   

The following sections focus on the recent development of applications of textile-based 

actuators and are organized as film-based textile actuators, fiber-based textile actuators, and 

textiles as supportive elements for pneumatic/fluidic actuation. 

3.2  Film-based textile actuators 

From a mechanical point of view, a large deflection of a thin film corresponds to only a 

small deformation in in-plane strain. Therefore, films are often used as simple yet effective shape 

for actuators. Typical mode of actuation of film-based actuators involves out-of-plane 

deformation including bending, twisting, and wrinkling. These deformation patterns are 

generally created by inducing differential in-plane strain response in the film, via a number of 

methods such as laminating, anisotropic reinforcement, and localized application of stimuli. A 

variety of film-based morphing behavior with these mechanical design principles are observed in 

plants, such as the quiescent blooming of lily flowers[10], the opening of pine cones[11], and 

rapid closure of Venus Flytrap[12]. For example, pinecones open during low humidity to release 

seeds and close up if the humidity increases and microscopic examination unveiled the structural 

and mechanical origin of such reversible behavior. The scales of pinecone, composed of two 

macroscopic layers of tissues with different coefficient of hygroscopic swelling, bend outward as 

the outer layer shrinks more significantly under decreasing humidity. Further analysis found that 
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the swelling ability of two layers is governed at the cellular level, where distinct cellulose fibril 

arrangement on the cell wall effectively modifies the stiffness of the cells. Overall, the cellulose 

fibrils tune the mechanical properties of the cells, which aggregates to form layers in the 

laminated scales that bend upon change in humidity[11]. The exquisite use of moisture variation 

for actuation and layered structure design in plants has been an inspiring source to create film-

based soft actuators[13]. 

Films are somewhat similar to textiles in many ways. Fabrics can be regarded as films 

when we zoom out and consider their protective and decorative functionalities as a layer 

covering various surfaces such as human bodies, floors, the interior of buildings and cars. Yet, 

they are much more than a typical two-dimensional (2D) film. The unique hierarchical structure 

of fabrics via periodic interlacement/interlooping of fibers or yarns in a 2D manner (except for 

nonwoven fabrics) significantly differentiates them from typical films, providing versatile 

mechanical properties and high breathability. The unique combination of mechanical properties 

of fabrics such as, strength and flexibility, originate primarily from the relative movement of 

constituent fibers and yarns under small strain. These and other characteristics of fabrics such as, 

the ability to tune their structures to produce various levels of mechanical response, including 

compliance, without significant change in constituent material properties, excellent conformity to 

various surface morphologies, and water and moisture vapor permeability should be of value in 

designing actuators for wearables.  

Coatings and laminating are usually used on fabric surfaces for additional functionalities, 

serving as another common film structure in textiles. For example, various coatings on high-

strength fiberglass fabrics such as those of silicone and PTFE are applied for thermal insulation 

and chemical and temperature resistance, respectively[14]. For actuation purposes, thin coated 

layers can potentially serve as barriers for directional stimuli responses and active material 
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carriers, while the patterned conductive coatings can be electrical heating elements for thermally-

activated actuators. Due to these and other possibilities of incorporating stimuli sensitive agents 

through coating and lamination on fabrics, there is a growing interest in film-based textile 

actuator design and application. Wang et al[1] proposed moisture activated actuators for dynamic 

ventilation of wearable textiles that respond to the environmental humidity gradient. It is similar 

to the pinecone that opens as a result of differential swelling in its laminated scale structure, in 

that the morphing part of the fabric is composed of laminated layers with different moisture 

sensitivity. The moisture active layer (living cells) is printed onto passive apparel pre-trimmed 

based on heat and sweat map of the back of a human, a self-modulated ventilation clothes are 

fabricated.  

Although the environmental humidity gradient is green energy for actuators, it is a 

passive actuation method, having no active control. While active control of humidity for 

hygroscopic actuation is tedious and inefficient, electrohydrodynamic swelling offers an 

alternative as an efficient actuation principle with ability to convenient electrical control and 

localized stimulation. In electrohydrodynamic swelling, the electrical potential between two 

electrodes induces the mobility of ionic liquids, and the asymmetric migration of cations and 

anions due to their size and interaction with solvents and electrode matrix creates asymmetric 

swelling around the electrodes. Uduste et al[15] employed this mechanism to fabricate laminated 

fabric actuators that can bend cyclically at an alternating voltage of +-3V. The fabric actuator is 

composed of two activated carbon fabric layers as flexible electrodes and a middle silk layer for 

mechanical support, both components infiltrated with ionic liquids as the electrically mobile 

agent. The activated carbon cloth layers converted from viscose rayon via pyrolysis and 

activation, provide meter-size conductive pathways, a large surface area for ionic interaction, 

meso- and micro-porous structures for liquid imbibition, and mechanical flexibility for swelling 



   

85 
 

and bending. They also used this trilayered fabric design as flexible electrodes to control the 

motion of a tendril-like soft robot[16]. Figure 3-1a, b show two natural phenomenon that 

inspired this work, including the osmotic pressure-driven opening and closure of pores (stomata) 

on leaves, and the coiling of plant’s tendrils to anchor on a support. The soft robotic design is 

illustrated in Figure 3-1c, d, where the tendril-shaped end-effector coils and uncoils (Figure 3-1e) 

according to the osmotic pressure controlled by the electrical control unit (ECU). The osmotic 

pressure difference in the end-effector and the ECU is controlled by charging and discharging the 

cloth electrodes in the ECU. When it is charged, the ions migrate to and immobilized on the 

electrode surface, inducing a drop of the ion concentration inside the ECU, which leads to water 

influx to the end effector and uncoiling of the artificial tendril. By cyclic charging and 

discharging, reversible coiling and uncoiling of the artificial tendril is achieved. 
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Figure 3-1. A tendril-like soft robot driven by electrically-controlled osmotic pressure. (a) 
Schematic of opening and closure of pores (stomata) on a leaf due to osmotic pressure change. 
(b) A plant’s tendril reaching and anchoring on a support. (c) Schematic and (d) a photograph 
of the soft robot with design and components. (e) Reversible actuation of the tendril under 
voltage supply of 1.3V. Reproduced under the terms of the Creative Commons CC BY 
license[16]. Copyright 2019, Springer Nature. 

 
Conductive fabrics are used as flexible electrodes not only for the ionic actuators but also 

for the electronic actuators. The ionic actuators operate by ion migration, and the electronic 

actuators work by electron interaction. Dielectric elastomer actuators (DEA) constitute one type 

of electronic actuators that feature large actuation strain as well as fast actuation speed, and 

compliant electrodes are of paramount importance for its performances. Guo et al[17] explored 

the feasibility of the fabric electrode for the DEA. Three typical DEA designs including a planar 
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actuator, bending actuator, and electro-adhesive actuator were tested for the actuation strain and 

electro-adhesive force. Although the fabric electrode is low-cost and suitable for wearable 

applications, the actuation strain is moderate (7~9% linear strain at 9kV) due to electrode 

stiffness, and the electro-adhesive force is limited (2N shear force at 5kV over around 

120mm*120mm area) by the electrode geometry. In another work, the authors further compared 

five types of fabric electrodes varying in material content and structure and identified the knit 

fabric electrode as suitable for unidirectional actuation and woven fabric electrode for 

bidirectional actuation. However, the actuation strain is still small (6.8%, compared to 89% of 

DEA with carbon grease electrode) due to the strain-stiffening of fabric electrode[18]. 

Another use of conductive fabric is in electrical heating for thermo-responsive actuators. 

Yin et al[19] reported a wirelessly controlled, multiple stimuli-driven bimorph fabric actuator 

that is composed of a conductive fabric and a polypropylene film with different coefficient of 

thermal expansion. By laminating the two layers with a simple roll laminator (Figure 3-2a), a 

flexible fabric actuator (Figure 3-2c) is fabricated, with a cross-section shown in Figure 3-2b. 

Figure 3-2d illustrates the basic bending behaviors of a flat fabric under a variety of stimuli 

(light, heat, magnetic field, electrical current), as a result of differential thermal expansion. The 

fabric actuator bends in response to heat generated by electrical or photothermal heating the 

conducting fabric. By simple mounting and patterning, the bimorph fabric actuator was 

demonstrated as grippers and artificial blooming flowers. 
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Figure 3-2. Laminate-based thermo-driven textile actuators. (a) Schematic of lamination process 
of the fabric actuator. (b) Cross-sectional view of the laminated fabric. (c) Photograph of the 
laminated fabric. (d) Schematic of actuation principle under different stimuli. Reproduced with 
permissions.[19] Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
In addition to laminating, coating is convenient method to apply a thin layer of material 

on textiles and fabricate film-based textile actuators. Ali et al[20] reported a polypyrrole (PPy)-

coated fabric actuator with tunable actuation strain and force via fabric structure design. PPy is 

an electroactive polymer that changes volume in an electrolyte environment as a result of 

electrical potential-induced ion and solvent injection. One contradiction of PPy actuation is the 

inverse relation of actuation speed and output force, as the force increases with the cross-

sectional area while the mass transfer-dependent speed is reduced. To obtain large actuation 

force without sacrificing the speed, they coated a thin layer of PPy on a woven fabric, and the 

resultant fabric with 10 parallel yarns could reversibly provide approximately 100 mN force by 
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alternating input voltage between 0.5 and 1V.[20] The output force can be further increased by 

integrating more yarns in the fabric (by making a more compact fabric, a larger fabric, or a 3D 

fabric), and the actuation strain can be amplified by coating PPy on a more easily extensible 

knitted fabric. 

 
3.3  Fiber-based Textile Actuators  

Use of fibers in inducing and controlling actuation is a common strategy in nature. For 

example, skeletal muscle cells responsible for movement in animals are long fiber-shaped 

actuators that are bundled together with two ends connected to bones. Each fiber runs through 

the whole length of the muscle and is individually controlled by a motor neuron. Therefore, the 

output force of a muscle can be increased by activating more muscle fibers. At the cellular level, 

skeletal muscle has striated microscopic appearance due to the overlapping of myofilaments that 

run in parallel along the cell length. The chemical-induced sliding of these filaments is 

responsible for the cell contraction at the sub-cellular level. These repeating overlapping parts, 

known as sarcomeres, are the structural and functional units that determine the mechanical 

output of these muscle cells[6]. Therefore, the fiber-shaped skeletal muscle cells is an effective 

design for the optimal contractive actuation at the cell level, as well as for the compact 

hierarchical assembly with compactness and controllable force output at the tissue level. 

Developing fiber-based textile actuators has advantages of greater design flexibility for 

small- and large-scale morphing structures and a broader control on the actuation performance. 

One can imagine an active fiber that contracts in response to a stimulus and exerts microscale 

forces. It can be used as micro engines for special applications such as miniaturized devices with 

structural simplicity and high energy density[21]. Bundling fibers into a yarn results in a 

mechanically stronger unit with higher contractile forces. Yarn actuators with scalable forces and 

compact structures can serve as artificial muscles for robotics[5]. Assembling these actuating 
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fibers and yarns into a fabric produces morphing fabric[8] whose deformation pattern can vary 

depending on the fiber arrangement, number of active fibers, actuation sequence, etc. The fabric 

actuator with definite and reversible deformation can be ultimately designed into smart 

wearables for many current and future applications. 

Shape-morphing fibers that can be used for actuation purposes include shape memory 

alloys and polymers (SMA, SMP), highly twisted and/or coiled polymer fibers (TCPF)[22], 

multi-component fibers[23], etc. The working principle of SMA and SMP is their phase change-

induced shape morphing from a temporarily stabilized shape to a permanent shape, known as the 

shape memory effect. They have been assembled into fabric structures for stiffness-changing 

pneumatic radial tire cord[9] and braided for medical stents that can deploy in situ from a 

collapsed state into a larger diameter tube to mechanically support tubular organs when the 

temperature is raised within the physiologically tolerable range[24].  

TCPF is a relatively new type of fiber-based actuator that rapidly rotate or contract when 

subject to stimuli such as heat and moisture. The highly twisted structure of TCPF enables 

efficient conversion of radial expansion of the precursor fiber into torque, which generates fast 

rotation of the twisted shape and linear deformation of the coiled shape. Figure 3-3a shows the 

fabrication process of twisted and coiled structures, as well as two modes of actuation. Nylon is 

the most common fiber to make TCPF actuators owing to its low cost and temperature-activated 

shape change[22]. By winding a metallic fiber or coating with a conductive material, nylon 

TCPF can be activated via electrical heating, where large output force can be used for robotic 

manipulation and high linear strain can be used for morphing structures[25].  

Multi-component fibers, similar to the laminated films, deform into wavy or coiled 

shapes as a result of differential response of constituent materials due to different modulus and 

coefficient of thermal expansion (CTE)[26]. Based on the moisture-induced deformation of 
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bicomponent cellulose fibers, Nike developed active thermoregulation sportswear[27] that can 

increase fabric porosity in the presence of sweat for evaporative cooling. The bicomponent 

cellulose fibers are composed of moisture-sensitive cellulose and moisture-neutral triacetate that 

are twisted into yarns and then knitted into a fabric. When moisture increases, the fiber 

straightens due to differential swelling, and the yarn’s diameter decreases, leading to a larger 

distance between yarns. The thermoregulation effect is further improved with radiative cooling 

by coating the bicomponent cellulose fiber with CNTs[23]. The moisture-induced inter-fiber 

distance change in a yarn alters the infrared (IR) transmittance within the human IR radiation 

range, due to the distance-dependent IR emissivity of CNT material. When moisture increases, 

the inter-fiber distance decreases, and IR radiation increases, resulting in both evaporative and 

radiative cooling. 

To achieve diverse actuation functionalities for different applications, fiber actuators are 

assembled and integrated into higher-level structures. One of the simplest and effective 

approaches is incorporating fiber actuators maybe as seamlines into passive substrates such as 

films[28], fabrics[22] and their composites[8]. Han et al[8] fabricated a multi-mode actuating 

textile composite by laminating two layers of woven fabrics composed of glass and nylon fibers, 

and SMA wires into a middle passive fabric. The glass fibers and nylon fibers are the passive 

weft and warp elements of the fabric and the SMA wires serve as the actively contractile warp 

element. By varying the lamination angle, the composite fabric can produce bilateral bending 

and twisting in tens of seconds through current supply to the SMA wires. Chenal et al[29], on the 

other hand, exploited the large modulus change of SMP fibers near its glass transition 

temperature to create a variable stiffness fabric.  

TCPF yarn actuators are able to exhibit larger strain, faster response, and higher 

structural flexibilities compared to the small actuation strain of SMA. TCPF yarns made of 
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different materials are woven into fabric and film substrates to provide bending deformation and 

linear forces. Chen et al[28] sewn CNT-based TCP yarns (14% linear strain) into a film substrate 

to fabricate spring-like ribbon actuators with rapid linear contraction of 20% within a second. 

Higher actuation strain is generated in spandex-based TCP yarns (45% linear strain), which were 

woven into a passive fabric to provide electroactive contractile forces for robotic arms and 

wearable actuators. Jia et al[30] used silk-based TCP yarns (active) as the warp element and 

untwisted silk yarns (passive) as the weft elements to fabricate smart sleeves that contract in 

length when humidity increases and recovers when humidity decreases (Figure 3-3c). The TCP 

actuator is fabricated through a series of twisting steps, see Figure 3-3a. Initially, a silk fiber is 

highly twisted at one end, and then folded at the middle point and applying opposite twist to the 

ply for self-balancing. Such plied and self-balanced yarn generates torsional actuation when 

experiencing swelling in the presence of moisture. By further coiling the plied silk on a mandrel 

and heat setting the shape, the linear TCP is fabricated. A walking caterpillar made with linear 

TCP that expands as moisture increases from an approaching hand, and contract otherwise is 

illustrated in Figure 3-3b.  
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Figure 3-3. Silk-based TCP yarns for length changing fabric. (a) Schematic of TCP fabrication 
and moisture activation. (b) Photographs showing the movement of a “caterpillar” made of coiled 
TCP, driven by the moisture from an approaching finger. (c) Length change of smart fabric made 
with coiled silk yarn, and application schematic of sweat-induced shrinkable sleeve. Reproduced 
with permission. Copyright 2019[30], John Wiley and Sons. 

4D printing has also been used to fabricate morphing structures by extruding smart fibers 

in a predefined shape. Boley et al[31] printed a planner fiber network that transforms into the 

desired face shape when the temperature drops. The complex and precision fabrication is enabled 

by the software-assisted structural design and stress-tensor evaluation, multi-material printing, 

and precise and continuous material allocation for printing, while the doubly curved shapes are 

enabled by the flexibility of fiber network. 

There is ample evidence in the published literature that fibers can not only be used as 

active elements to power the actuation but can also be integrated as passive mechanical 

reinforcement in a deformable body to tune the overall response. In terms of mechanical 

reinforcement, research is primarily focused on the soft pneumatic and hydraulic actuators, 
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where the fibers are arranged along certain directions in the soft body to create mechanical 

anisotropy. The textile fiber-assisted soft actuators will be discussed in the following section. 

  
3.4 Textiles for pneumatic (and fluidic) actuation 

Soft pneumatic and fluidic actuators composed of flexible skin with hollow internal 

channels in which pressure is applied for inflation and deflation have attracted tremendous 

attention in the soft actuator community due to their reliable actuation performance, simple 

control, ability to generate large forces, and scalability. McKibben muscle is the early version of 

soft pneumatic actuators[32] made of cylindrical rubber bladder sheathed with a braided tubular 

fabric, which upon inflation contract in length and expand in radius. To resemble the actuation 

behavior of mammalian skeletal muscles, McKibben muscles are paired antagonistically to 

power the motion of robotic arms[33]. The underlying mechanical principle of McKibben 

muscle actuation is the directional deformation of the sheath fabric with helically arranged fibers 

that restrict the expansion in the axial direction. The mechanical anisotropy-induced differential 

deformation is the key in the development of soft pneumatic actuators, much like the fiber-

reinforced architectures of biological actuators such as elephant trunks, mammalian tongues, and 

plant cells. The resultant deformation such as contraction, twisting, and bending, have been used 

in applications such as rehabilitation gloves to facilitate the hand function of paralyzed 

patients[2], haptic feedback, and compressive garments for preventative therapy[34]. Another 

popular application of soft pneumatic actuators is robotic gripper to handle delicate and 

complex-structured objects, and the commercialized finger-typed grip that bend to grasp 

objects[35] and granular jamming-based gripper that change hardness to grip and release 

objects[36].  

Textile fibers such as nylon, Kevlar, and glass fibers are usually used as mechanical 

reinforce elements on the cylindrical elastomeric tube to achieve a wide range of motions. By 
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winding fibers helically around the tube at certain angles, the pneumatic actuators upon 

pressurizing generates particular trajectories such as linear extension, contraction, twisting, and 

bending. Combination of these motions for specific tasks such as hand motion assistance[37], 

[38] can be achieved by integrating segments optimized for different trajectories.  

Figure 3-4 illustrates the development of a wearable assistive glove by integrating 

segmented fluidic actuators[37]. To support hand motion comfortably and sufficiently, the soft 

actuators need to follow the natural finger trajectories, provide enough actuation force without 

imposing large pressure on fingers. Therefore, the fluidic actuators are fabricated in segments to 

achieve finger-like multi-degree of freedom that can be actuated with single pressure input. In 

general, the bending deformation is facilitated by incorporating a strain-limiting layer on one 

side of the fluidic tube, and the radial expansion is suppressed by symmetrically arranging fibers 

in the fluidic tube at an appropriate angle.  The variation in segmental deformation is determined 

by the fiber arrangement and the strain limiting layer as shown in  

Figure 3-4a. In particular, four types of deformation are presented, with bending resulted 

from a strain-limiting layer and two sets of symmetrically arranged fibers, cylindrical twisting 

originated from a strain-limiting layer and one set of helically wound fiber, linear extension and 

pure twisting due to two sets symmetric and one set helically winded fibers. Finally, the fiber-

reinforced fluidic actuators are integrated into a glove structure with two fabric layers that can be 

adjusted in size by Velcro adhesion (hook and loop) to demonstrate some basic activities such as 

picking up a phone and a bottle while wearing this assistive device ( 

Figure 3-4b).[37]. 
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Figure 3-4. Fiber-reinforced fluidic soft actuators for assistive gloves. (a) Four types of 
deformation of fluidic elastomeric tubes resulted from fiber arrangement and the strain-limiting 
layer, including bending, cylindrical twisting, linear extension, and pure twisting. (b) Actuation 
demonstration of the soft assistive glove. Reproduced with permission[37]. Copyright 2015, 
Elsevier. 

A wide range of extensibility of fabrics are also used to tailor the mechanical response of 

soft pneumatic actuators. Knit and woven fabrics have distinct mechanical properties, which 
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differs along the two major axes of each type of fabric[2]. In general, woven fabrics have less 

extensibility and higher stiffness along both warp and weft directions due to the alignment of 

yarns. Whereas, knit fabrics poses higher extensibility and lower stiffness at initial extension due 

to interlaced loops, which after being straightened during deformation show significant increase 

of stiffness. In addition, knit fabrics have large anisotropic mechanical properties along the two 

orthogonal directions. Cappello et al[2] utilized knit and woven fabrics with such unique 

mechanical features as sheath for the pneumatic actuators to modulate overall strain distribution, 

and the resultant actuators were integrated into motion assistance gloves. The fabric-constrained 

pneumatic actuator is composed of an elastomeric pneumatic tube covered on the top side with a 

knit fabric and on the bottom side with a woven fabric integrated by sewing. In addition, the 

course direction (cross direction) of the relatively low stiffness knit fabric is aligned with the 

longitudinal direction of the tube to allow maximum deformation. When the tube is inflated, the 

actuator bends toward the woven fabric side due to its strain limiting effect. Additionally, higher 

bending deformation can be achieved by designing the knit fabric into a pleated structure.  
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Chapter 4 Twisted and Coiled Polymer Actuators (TCPAs) 

4.1 Introduction 

Twisted fibrous structures have been associated with humankind form the early days of 

civilization through the industrial revolution to the modern day.  What may have started as a 

means of assembling fibers into continuous strands to make ornamental headgears, etc. [citation] 

is still used to produce the chic fashion items of today.  The recent discovery of twisted and 

coiled polymer actuators (TCPA) may have given a new twist to the traditional use of twisted 

fibers in textiles. The recent discovery of the remarkable torsional and linear actuation behavior 

of highly twisted fibers of certain kind under appropriate stimuli, has brought renewed interest in 

the understanding twisting as well as the mechanics of twisted structures. The TCPAs have been 

recognized for potential applications in robotics[1], [2] and smart wearables[3], [4] due to their 

extraordinary large actuation stroke and forces[5]. Equally important for their potential 

commercial applications is the relatively simple, scalable, and available manufacturing 

processes, structural compactness for ease of handling and efficient assembly. The actuation 

behavior of the TCPAs originate from the radial expansion of the constituent fibers, and their 

highly twisted and sometimes hierarchical structure is responsible for their outstanding 

performances[5], [6]. A variety of fiber types with radial expansion properties have been twisted 

and coiled to build TCPAs. Modeling and characterization methods of the twisted structures for 

improved control and reliability of TCP fabrication and actuation have also been reported. 

This section aims to introduce the development of TCPAs beginning with the selection of 

materials. A summary of TCPAs based on different types of yarn structures (single filament, 

filament yarn, staple yarn, twisted structure, multi-plied structure, and coiled structure) is 

provided, followed by a brief discussion of their mechanical models and characterization 

techniques of TCPAs.  
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4.1 Development of TCPAs  

Since Foroughi et al.[6] reported the remarkable torsional actuation of the first TCPA 

made by inserting a high level of twist into carbon nanotube (CNT) yarns (Figure 4-1a-c), there 

has been intense research interest in the TCPAs.  A wide range of TCPA research aims to 

discover new materials with better responsiveness and lower cost[7], improve actuation 

performances by structure design[8], [9], establish the relationship between material/structure 

and ultimate actuation behaviors[10], [11], and integrate TCPAs into higher-level systems for 

various applications[2], [3], [5]. A variety of fiber-forming materials including metallic 

fibers[12], carbon-based fibers[13], [14], synthetic fibers[1], [7] and natural fibers[3], [15], [16] 

have been studied with diverse yarn structures such as highly twisted single yarn with single 

filament[7], multiple filaments[15] and staple fibers[6], [17], plied yarns[1], [3], coiled yarns[5], 

and plied coils[7], [8].  

The first CNT-based TCPA is illustrated in Figure 4-1a-c. The CNT yarn was fabricated 

by directly twist an aerogel sheet drawn from the CNT forest. By immersing in an electrolyte 

bath and applying a low voltage, the yarn generates large and fast rotation (maximum torsional 

stroke is 250°/mm, and maximum torsional speed is 590rpm). Three schematics of the actuation 

setup shown in Figure 4-1c were proposed. The first and third designs generate the largest 

torsional stroke but poor in reversibility, and the second one produces reversible actuation but a 

reduced stroke. The actuation principle is the volume expansion of CNT yarn and the twisted 

structure. The double-layer charge injection under electrical potential difference generates 

hydraulic pressure and leads to yarn volume expansion. Radial expansion is preferred due to 

higher mechanical flexibility in the radial direction than the length direction of the yarn.  

However, the use of liquid electrolytes and low working voltage restricts the 

performance. Lee et al.[18] reported solid-state CNT-based TCPA by replacing the liquid 
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electrolyte with a gel electrolyte. The electrolyte solution was infiltrated into twisted CNT yarns 

and solidified upon drying. Figure 4-1e, f presents the porosity of the yarn surface before 

infiltrating, and the infiltrated coiled yarn. Both torsional and linear actuating structures were 

proposed (Figure 4-1d). The first and second twist structures in the figure are used for torsional 

actuation, and the last two coiled structures are used for linear actuation. The second and fourth 

structures are torque-balanced structures fabricated by plying two yarns in the opposite direction. 

As a result, the gel electrolyte-infiltrated actuators generate a maximum 2330rpm rotational 

speed in the twisted form and 1.3% linear strain in the twisted and coiled form[18].  

As the electrochemical actuation is driven by double-layer charge injection, the 

electrolyte ion size and applied voltage are crucial in the actuation performance. Particularly, the 

ion size affects both volume change per injected charge and mobility and results in complex 

influence on the actuation strokes. Gel electrolytes have larger electrochemical windows, and 

therefore, a higher voltage can be applied without degrading the electrolyte. And obviously, 

higher voltage leads to larger actuation stroke. Lee et al.[19] later investigated the effect of ion 

size of the electrolyte and manner of voltage supply on the actuation performances. Figure 4-1g, 

h shows the schematic and real image of actuation. Based on the observation that it takes long 

(tens of seconds) to reach the potential equilibrium for maximum stroke (11.6%), non-

equilibrium actuation was conducted, and the effect of the manner of voltage application and 

actuation results were analyzed. For the non-equilibrium actuation, a smaller ion size was 

preferred due to higher mobility. As a result, the actuator produced a 6% linear stroke within a 

second of 10V voltage application[19].  

Another route of improvement of CNT-based TCPA is by infiltrating responsive guest 

materials, such as paraffin wax[13], silicone[20], PU, and PEDOT:PSS[21]. By infiltrating or 

coating CNT yarn with these guest materials that undergo volume change under various stimuli 
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such as heat and solvent, it opens a wide spectrum of possibilities. Figure 4-1i-k shows a 

multistimuli-responsive TCPA with a very fast rotational speed up to 11500rpm and a linear 

stroke of 5.6%[13]. The CNT yarns were infiltrated with paraffin wax that undergoes 20% 

volume expansion when temperature increases from 30℃ to 90℃. Figure 4-1j shows the cross-

section of CNT yarn before and after wax-infiltration. CNT yarn served both as the structural 

element and the electrothermal heating element. By applying a voltage to the TCPA, the 

electrical power generates heat on the CNT and leads to torsional or linear actuation. The 

actuation result shown in Figure 4-1k is conducted on the TCPA with the structure and condition 

shown in the second figure in Figure 4-1i, where half of the yarn is actuating, and the other half 

serves as the returning spring. As a result, it produced nearly 8000rpm rotational speed with 

input electrical power of 20mW/cm, and the reversible actuation only took 0.1 second[13]. 

Mu et al.[22] considered the structure of the guest material in the yarn and reported 

improved actuation performances of CNT-based TCPA by restricting the guest material or the 

gel electrolyte on the CNT yarn surface (Figure 4-1i,m). Compared to the gel electrolyte-

infiltrated TCPAs, the surface-coated TCPAs demonstrate 5 and 9 times higher in linear strokes 

and work density, respectively. The electrothermal actuation and sorption-induced actuation of 

responsive guest material-incorporated yarns also show higher performances of surface-coated 

TCPAs (Figure 4-1n). The origin of such enhanced performance is the helical angle associated 

with the location of the incorporated materials. The helical angle (angle between the length 

direction of the CNT fiber and length direction of the yarn) is a crucial parameter to determine 

the actuation response. Higher the helical angle, higher the torsional and linear stroke from 

volume expansion. In a twisted yarn structure, the helical angle (Figure 4-1b) is largest on the 

yarn surface and gradually decreases to zero in the center of the yarn. Therefore, under the same 

amount of stimuli (voltage or temperature), the volume expansion at the surface is more efficient 
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than that in the inner of the yarn and therefore produces higher actuation results. Moreover, by 

restricting the guest material on the surface of the yarn, the passive cooling of electrothermal 

actuation and adsorption/desorption speed of sorption-based actuation is enhanced, contributing 

to faster response and higher actuation frequency[22]. 

 
Figure 4-1. Development of CNT-based TCPAs. (a-c) First CNT-TCPA: (a) SEM image of CNTs 
drawn and twisted from the forest, (b) SEM image of highly twisted CNT yarn, and (c) 
schematics of electrochemical actuation setup.[7] (d-h) Solid-state CNT-TCPA by infiltrating gel 
electrolyte: SEM images of (d) four TCPA structures, © twisted CNT yarn showing high 
porosity, (f) electrolyte-infiltrated coiled CNT yarn,[23] (g) actuation schematics of the TCPA 
composed of two coiled-plied CNT yarns, and (h) photographs of linear actuation of (g).[19] (i-
k) Multistimuli-sensitive CNT-TCPA by infiltrating guest polymers: (i) different yarn structures 
and tethering conditions for actuation, (j) SEM images of the cross-sectional view of twisted 
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CNT yarn before and after guest polymer infiltration, and (k) torsional actuation speed as a 
result of electrical power and applied tensile stress (inset: torsional actuation as a function of 
time).[13] (l-n) Polymer-coated CNT-TCPA: (l) schematic of surface-coated CNT yarn, (m) SEM 
images of differently coiled CNT yarns and sharp interface shown in the cracked yarn, (n) 
electrothermal actuation of three CNT-TCPAs (SRAM: surface-coated; HYAM: infiltrated; 
pristine yarn).[22] 

Soon after the first report on CNT-based TCPA in 2011[6], Haines et al. reported the 

nylon-based TCPAs driven by heat[7]. Nylon-based TCPA produces a high contractile strain of 

49%, large contractile stress, low hysteresis, reliable actuation for more than a million cycles, 

and the maximum output energy density of 2.48J/g (63 times higher than the natural muscle)[7]. 

As a low-cost and common textile fiber for daily use, it soon became one of the most popular 

polymer fibers for TCPAs. As is shown in Figure 4-2b, the nylon-based TCPA reversibly 

contracts to 12% strain, lifting a weight of 500g by alternatively applying cold and hot water. 

When increasing temperature from 20℃ to 180℃, the coiled TCPA contracts with a minor 

decrease of modulus due to thermal softening of the polymer, and followed by a drastically 

increase of modulus when adjacent coils come in contact with each other (Figure 4-2c). The coil 

parameters are important for the actuation performance and can be easily tuned during 

fabrication. The spring index (C, the ratio of the coil diameter and fiber diameter) is used to 

characterize the coil structure and is inversely related to the spring stiffness (Figure 4-2a). Larger 

C results in higher tensile stroke but produces lower stress[7]. Figure 4-2d is a coil that is 

designed in a spiral manner to avoid contact between adjacent coils during contraction, and 

therefore produces ultrahigh linear strain (200%) at an elevating temperature[5].  

Textile fibers such as nylon and polyethylene (PE) with the original thermal-induced 

linear strain of 4% and 0.3% are amplified to 34% and 16% by twisting and coiling structures. 

The mechanism of this performance amplification is explained in several papers[5]–[7], [24], and 

will be discussed in section 0. In brief, the radial expansion of the constituting fiber or the yarn 

(or the linear contraction) is converted into an untwist deformation in a highly twisted structure 
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[125]. And in a twisted and coiled structure, it is converted into linear contraction[5]. Based on 

this mechanism, more fibers with stimuli-induced radial expansion have been exploited to make 

TCPAs, such as thermal-responsive fibers with high CTE and hygroscopic fibers with high CHE.  

Figure 4-2e-g shows the structure and actuation performances of silk-based TCPA[3]. 

The hygroscopic silk fiber swells under increasing humidity due to moisture absorption with a 

maximum radial strain of 15%. After twist insertion and further coil formation, the silk-TCPA 

produces a maximum torsional stroke of 547°/mm, and linear contraction of 70% by increasing 

relative humidity from 20% to 80%. The positive effects of the level of relative humidity and 

twist density of the structure on the actuation strokes were shown in Figure 4-2f. In addition, the 

effect of chirality of twist and coil on the actuation results was also presented in this figure, 

where the homochiral (ZZ) TCPAs contract with 40-70% strain and the heterochiral (ZS) TCPAs 

expand with 600-1000% strain under RH increase from 20% to 90%. The opposite linear 

actuation behavior of these two types of TCPAs was previously reported for nylon-based 

TCPA[7], and the mechanism will be presented in section 0. Here these two types of silk-based 

TCPAs were exploited as biomimetic “caterpillar” and thermo-regulative clothes (Figure 4-2g). 

The heterochiral “caterpillar” moves forward on a barbed wire by expanding and contracting 

when a human finger repeatedly approaches. By woven homochiral TCPAs into a fabric, the 

actuation of the TCPAs produces overall length contraction of the fabric. The fabric was 

constructed as a sleeve and integrated onto sample clothes for reversible sweat-induced length 

change to achieve active moisture and thermal management[3].  
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Figure 4-2. Polymer fiber-based TCPAs. (a-d) Nylon fiber-based TCPA: (a) a photograph of 
coiled TCPA[13], (b) hydrothermal actuation of the TCPA lifting a weight by 12% by alternative 
application of cold (25℃, blue) and hot (95℃, red) water[7], (c) the tensile stroke and modulus 
change of the TCPA as a function of temperature[7], and (d) the drastically amplified stroke by 
coil design[13]. (e-g) Silk fiber-based TCPA[3]: (a) SEM images of untwisted and twisted the 
dual-filament silk fiber, (f) tensile stroke of two types of coiled TCPAs (ZS: z-twist and s-coil, 
and ZZ: z-twist and z-coil) with different twist density as a function of relative humidity, (g) two 
demonstrations of silk fiber-based TCPAs, including the biomimetic “caterpillar” and the 
contracting sleeves. 

4.2 Structural diversity of TCPAs  

As is briefly mentioned above about the importance of yarn structures (twisted, twisted 

and coiled, torque-balanced, twist density, helical angle, spring index, chirality) on the actuation 

results of TCPAs, it is important to inspect different structures of the yarn carefully, to not only 

better analyze the actuation results but also to design actuators with higher performances. There 

is a large content to cover in terms of yarn structures, and here I will focus the discussion of yarn 

structures based on the yarn type (Figure 4-3) and hierarchical structures and limit to those so far 

investigated for TCPAs. Then an overview of TCPAs-based on these structures will be 

presented, with an emphasis on the advantages and resultant performances of such structured 

TCPAs. 
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Figure 4-3. Textile yarn types. Examples of different types of yarns from left to the right: single 
PLA fiber[25], multifilament PLA yarn[25], cotton staple yarn[26], two-and three-ply cotton 
yarn[17], cabled cotton yarn[27]. 

Yarns can be made from filaments (long fibers) or staple fibers (short fibers). Based on 

the constituting elements (single or multiple fibers, long or short fibers, etc.), yarns are 

categorized into single yarns, ply yarns, cabled yarns, and other more (Figure 4-3). Single yarns 

are composed of monofilament (twisted or untwisted), multifilament with typically small amount 

of twist, or twisted staple fibers. Ply yarns are fabricated from twisting two or more single yarns 

for better uniformity and higher mechanical strength. Cabled yarns are produced by twisting 

multiple ply yarns for even higher mechanical performance (both higher strength and elongation) 

to be used in certain applications such as tire cords and sewing threads[28]. 

The bottom-up assembly of different types of yarns from their constituting elements leads 

to hierarchical structures that play a crucial role in the yarn mechanics. Figure 4-4 presents four 

hierarchical levels of the yarns of interest in this research. When we consider a single fiber 

(filament or staple fiber) as the 1st level structure in the structure hierarchy of yarns, single yarns 

can be regarded as the 2nd level structure. Ply yarns made by twisting multiple single yarns and 

cabled yarns made by twisting multiple ply yarns can be considered as the 3rd and 4th level 

structures, respectively. Twisting, as a simple and effective textile method, is used in hierarchical 

yarn fabrication to construct a variety of yarns with diverse geometries and mechanical 
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properties. It is increasingly realized as a smart assembly approach for multifunctionality, that is 

especially required in smart textile applications[29].  

 
Figure 4-4. Hierarchical structures of yarns. 

 
Several yarn types and hierarchical structures have been employed for TCPAs. For 

example, the early CNT-based TCPAs took the form of staple yarns, where the nanoscale short 

CNT fibers are drawn from the forest and then twisted into a helical yarn structure for torsional 

actuation (Figure 4-1)[6]. More twists were inserted into this staple yarn structure to make a 

coiled yarn structure for linear motion[13]. These helical or coiled single yarn structures can be 

regarded as the 2nd level structures in the yarn structure hierarchy, where the constituting CNTs 

are the 1st level structure.  

Higher-level structures of CNT-based TCPAs are explored, including ply yarns (3rd level) 

and cabled yarn (4th level) (Figure 4-5a-d)[9]. To construct a mechanically stable structure is one 
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of the most common purposes of the two-ply yarn, where the opposite chirality of the ply yarn 

and constituting single yarns provide balanced torque (Figure 4-5e)[17]. A simple method for 

making a torque-balanced two-ply yarn is by folding a highly twisted single yarn in the middle 

and letting it snarl to self-develop an opposite twist (Figure 4-5e). In this way, the strict tethering 

condition and returning springs required reversible actuation of TCPAs can be eliminated, as the 

twist of the ply yarn and of constituting single yarns can be converted from each other during 

actuation.  

Plying is also a simple and effective scale-up approach of TCPAs for utilization in real 

applications such as robotics with higher mechanical strength and work output[9], [30]. Kim et 

al. reported the multiplied and coiled CNT yarns showing higher mechanical toughness (3.5 

times) and contractile work density (1.72 times) than that of single CNT yarns[9]. The 

evolvement of CNT yarn structures from a sheet of CNT fibers to cabled CNT yarns is shown in 

Figure 4-5a-d, and the final cabled structure is investigated as a torsional and linear actuator. The 

hierarchical cabled CNT yarn (Figure 4-5d) is composed of multiple ply yarns that are coiled 

after plying several single yarns (Figure 4-5c), while the single CNT yarns with helically aligned 

CNTs in Z or S directions (Figure 4-5b) are prepared by directly drawing and twisting from a 

spinnable CNT forest. By multiplying, the resulting cabled yarn TCPAs with high mechanical 

strength and actuation stroke was then sewed into a film substrate for higher-level actuation[9].  

Another example of staple yarn TCPA is fabricated from natural fibers such as cotton, 

wool, and flax[15] (Figure 4-5g), as natural fibers are typically short. Compared to the CNT-

based TCPAs, they are cheaper, safer, and more conventional in textile products and thereby 

hold great potential as wearable actuators.  

While CNT and most natural fiber-fabricated TCPAs take the form of staple yarn[6], the 

synthetic polymer fiber-based TCPAs are typically filament yarns and higher structures made out 
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of them[7]. For example, the first nylon-based TCPA is a monofilament yarn, where a nylon 

filament with a diameter ranging from 100 to 1000µm is twisted and coiled for linear actuation 

(Figure 4-5h) [7]. Ply yarn with a torque-balanced structure was also fabricated to prevent 

unwanted end rotation and is assembled into fabrics for higher mechanical work output. While 

the nylon TCPA generate a repeated linear stroke around 20%[7], the ultra stretchable spandex 

TCPAs show a higher linear stroke of 45%[31] under lower actuation temperature. As is shown 

in Figure 4-5i, a bundle of spandex filaments is twisted and coiled into a multifilament single 

yarn, which is then subjected to heat setting treatment to stabilize the shape for actuation. 

However, the spandex TCPAs requires an additional heat source for actuation. To overcome this 

issue, Kim et al. blend spandex with silver-coated nylon and fabricated a coiled multifilament 

yarn TCPA that can be actuated by joule heating[1]. Figure 4-5k shows the schematic of this 

yarn structure, and the complete wrapping of the spandex filaments over nylon is visualized in 

SEM. The evolvement of coiled yarn structure is shown in Figure 4-5l, where a multifilament 

silver-coated nylon yarn and a multifilament spandex yarn are twisted together. During twisting, 

the spandex filaments tend to wind on the surface of the structure, while the nylon filaments stay 

in the center due to the stiffness difference of the two types of filaments. Further twisting 

increases the compactness of the yarn and leads to fully coiling into a double helix yarn (as is 

shown in the schematic) at the end of the process. As a result, this double helix yarn-structured 

TCPA produces a high linear stroke (40%) under joule heating, and in addition, spandex serves 

as an insulating layer on the surface of the yarn providing electrical safety. Another example of 

multifilament yarn TCPA is the moisture-drive viscose rayon TCPA. Figure 4-5j shows a 

multifilament viscose rayon yarn, and 9-ply of the yarns that is twisted and coiled under different 

tensile loads [32].  
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Figure 4-5. Hierarchical yarn structures and different yarn types used in TCPAs. (a-d) 
Hierarchical structures evolvement of CNT-based staple yarn TCPAs: (a) CNT sheet with 
aligned fibers, (b) twisted single yarn with different twist directions, (c) ply yarn with further 
twist insertion to coil, and (d) cabled yarn by bundling ply yarns and twisting[9]. (e-g) Natural 
fiber-based single staple yarn TCPAs: I development of torque-balanced two-ply structure, (f) 
development of coiled single yarn, and (g) photograph of fully coiled, single staple yarn made by 
cotton, wool, and flax[15]. (h) Photographs of monofilament nylon yarn TCPAs with different 
structure hierarchy, with the first image as the precursor monofilament[7]. (i-j) Photographs of 
the evolvement of coiled, multifilament yarn TCPAs from a bundle of filaments: (i) Spandex[31] 
and (j) viscose rayon[32] multifilament yarn TCPAs. (k-l) Heterogeneous multifilament yarn 
TCPA: (k) schematic and SEM image of the yarn structure made by, (l), twisting and coiling a 
bundle of filaments of nylon and spandex[1]. 
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In summary, TCPAs have taken a variety of yarn geometries in a hierarchical manner due 

to the inherent geometrical features of the constituting fibrous materials and the enhancement of 

actuation behaviors. CNT- and some natural fiber-based TCPAs are staple yarns, while most 

synthetic fiber-based TCPAs are monofilament and multifilament yarns. To enhance and 

diversify the actuation performance, these single twisted yarns are further coiled, plied and 

cabled into higher-level yarn structures. The structure-actuation behavior relationship is highly 

valued in the research of soft actuators (section 4.3.1). It is especially important in the 

development of TCPAs, as the radial expansion of the yarn is converted into a variety of 

rotational and linear motions due to the structural mechanics of the yarn. In the next section, the 

structural mechanics and modeling techniques of the TCPA actuation will be reviewed, and more 

insights will be drawn from the theoretical analyses of yarns in the textile community. 

 
4.3 Structure mechanics and actuation analysis of TCPAs  

4.3.1 Structure mechanics and actuation analysis of torsional TCPAs 

The geometry of a twisted single yarn is shown in Figure 4-6a. The ideal helical yarn 

geometry is utilized to study the structural mechanics of twisted yarns in both the textile 

community[33] and TCPA research[6]. The precursor fiber (before twisting) is regarded as a 

slender uniform rod with a length of 𝑙Y and a diameter of 𝑑Y. After twisting, the geometry of the 

twisted yarn is characterized by the yarn length (𝑙Z), the yarn diameter (𝑑Z, regarded the same as 

fiber diameter, 𝑑Z = 𝑑Y), twist density (𝑇Z =
B[
G[

), and the surface twist angle (𝛼Z). And the 

relationship of yarn geometry, fiber geometry, and inserted number of twist (𝑛Z) is given by, 

 𝑙Z> = 𝑙Y> − 𝜋>𝑛Z>𝑑Z> Eq.1 

and, 
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 𝛼Z = tanJ= 𝜋𝑑Z𝑇Z Eq.2 

 
Figure 4-6. Structure mechanics of single yarn-based torsional TCPAs. (a) Zoom-on view of one 
pitch of a twisted single yarn. (b) Single helix model of a twisted yarn. (c) Radial expansion-
induced untwist actuation. The yellow line on the surface of the yarns represents the helical trace 
on the surface due to twisting. The red arrow represents the rotation direction during actuation. 

 
The physical origin of the torsional actuation of TCPAs is explained by the single helix 

model[24]. When the yarn length contracts and (or) the diameter increases, the twisted yarns 

generate torsional motion in the untwisting direction. The torsional actuation can be 

characterized by the ratio of final (𝑛Z + ∆𝑛Z) and initial (𝑛Z) number of turns, given by[7],  

 𝑛Z + ∆𝑛Z
𝑛Z

=
∆𝑙Y
𝑙Y

1
cos> 𝛼Z 

−
∆𝑑Z
𝑑Z

−
∆𝑙Z
𝑙Z
tan> 𝛼Z Eq.3 

 

Assuming the change of fiber and yarn length (∆𝑙Y, ∆𝑙Z) is negligible during actuation, 

and the radial change of the twisted yarn (∆𝑑Z) is the only driven force, the torsional stroke (∆𝑇Z) 

in terms of the number of untwists (∆𝑛Z) per yarn length is given by[24],  

 
∆𝑇 = 𝑇(

𝑑Z
𝑑Z + ∆𝑑Z

− 1) Eq.4 
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The blocking torque (𝜏Z,PGQRSgN) due to untwisting is given by[24], 

 𝜏PGQRSgN = 2𝜋∆𝑇Z,Y@gg𝑆Z Eq.5 

where ∆𝑇Z,Y@gg is the free torsional stroke of the twisted single yarn. 𝑆Z, the torsional stiffness of 

the yarn, is a product of 𝐽Z and 𝐺Z, where is 𝐽Z is the second moment of inertia, given by 𝐽Z =
iN[

j

k>
, 

and 𝐺Z is the shear modulus of the yarn.  

Given the coefficient of stimuli-induced expansion, coefficient of thermal expansion (𝜌) 

for instance, the diameter change of the yarn (∆𝑑Z) due to temperature change (∆𝑇′) follows, 

 ∆𝑑Z = 𝜌∆𝑇′𝑑Z	 Eq.6 

 

Plugging Eq.6 into Eq.4, the thermal-induced torsional stroke can be written as, 

 
∆𝑇Z =

𝑇𝜌∆𝑇′
1 + 𝜌∆𝑇′ 

Eq.7 

 

Plugging Eq.6 into Eq.5 and expanding the expression of ∆𝑇Z,Y@gg and 𝑆Z, a 

comprehensive relationship of the blocking torque and the fundamental parameters can be 

written as, 

 
𝜏Z,PGQRSgN =

𝜋𝑇Z𝜌∆𝑇′𝐺Z𝜋𝑑Zn

16(1 + 𝜌∆𝑇′)  Eq.8 

The torsional stroke and torque also depend on the tethering conditions. Figure 4-7 

shows three typical tethering methods of single twist yarn-based torsional TCPA for reversible 

actuation. As is shown in Figure 4-7a, the free end of the yarn actuator is connected to a 

rotational shaft with a constant torque imposed by a weight hanging with a thread on the shaft. 

When the yarn over 𝑙p is actuated, it untwists together with the shaft, lifting up the weight. When 

the stimulus is removed, the twist is recovered due to the constant torque by the weight. Higher 
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weight leads to larger torque but a lower torsional stroke. The advantage of this setup is the 

ability to actuate the whole yarn, as the torque is linearly proportional to the length of the active 

part.  

The second method is fixing both ends of the yarn actuator, actuating a portion of the 

yarn while using the rest as the returning spring (Figure 4-7b). In addition, a weight can be 

attached to the intersection between active and passive parts. Compared to the first method, it is 

simple, but the reduced active length leads to a lower number of rotations and actuation 

torque[6].  

A similar method uses an elastic fiber as the returning spring, which is attached to the end 

of the yarn actuator (Figure 4-7c). Again, a weight can be attached in between for additional 

external torque[24]. The known and tunable shear stiffness of the returning spring, as well as its 

passive nature, add convenience and precision in overall experiment and characterization.  

A general form of the rotation angle at the end of the active yarn (θ) under the tethering 

condition in Figure 4-7c can be obtained using the torque balance equation as[24], 

 
𝑆qp r2𝜋∆𝑇Z,Y@gg𝑙p − 𝜏gsZ r

1
𝑆qp

−
1
𝑆p
t − θt = 𝑆@θ Eq.9 

where 𝑆p, 𝑆qp, and 𝑆@ are the torsional stiffness of the un-actuated yarn, actuated yarn, and the 

returning spring, 𝜏Z,gsZ is the torque provided by the hanging weight. This equation represents a 

static model of torsional actuation, where the torque generated by the yarn actuator at this 

tethering condition (left of the equation) is equal to the torque generated by the returning spring 

(right of the equation).  

By rearranging Eq.9, the θ under tethering condition as Figure 4-6d follows[24], 

 
𝜃 = (2𝜋∆𝑇Z,Y@gg𝑙p − 𝜏gsZ r

1
𝑆qp

−
1
𝑆p
t)(

𝑆qp
𝑆qp + 𝑆@

) Eq.10 
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The θ under the tethering condition shown in Figure 4-7b is calculated in the same way as that in 

Figure 4-7c, only to change the 𝑆@ by 𝑆p.When the yarn is tethered as Figure 4-7a, the θ is 

obtained by reducing Eq.10 to 

 
𝜃 = 2𝜋∆𝑇Z,Y@gg𝑙p − 𝜏Z,gsZ r

1
𝑆qp

−
1
𝑆p
t Eq.11 

 

 
Figure 4-7. Tethering conditions for single yarn-based torsional TCPAs. The black line on the 
surface of the yarns represents the helical trace on the surface due to twisting. The red arrow 
represents the rotation direction during actuation. 

The reversible actuation of single yarn-based TCPAs usually requires shape-setting to 

remove the internal stress, or applying external torque to balance the internal torque. A more 

efficient method is to fabricate self-ply yarn, which is torque balanced by releasing a partial 

single yarn twist into the ply yarn twist (Figure 4-8). The self-ply yarns are always used as 

torsional TCPAs. 

Elkhamy et al.[34] analyzed the evolution of the ply twist from the single yarn twist by 

calculating the equilibrium strain energy of the single yarn above the convergence point and the 

ply yarn below the convergence point (Figure 4-8). Isotropic linear elasticity is assumed in the 
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analysis. The strain energy of the twisted single yarn per unit length (𝑈Z) is composed of tensile 

strain energy (𝑈Z,Z) and shear strain energy (𝑈Z,	x), each written as, 

 
𝑈Z,Z =

2𝐹Z>

𝐸𝜋𝑑Z>
 

E

q.12 

 

 
𝑈Z,x = 2𝜋𝑇Z 

E

q.13 

where 𝐹Z is the tension applied to the single yarn during the twisting process. The strain energy 

of the self-ply yarn per unit length (𝑈z) is the sum of the tensile strain energy (𝑈z,Z), shear strain 

energy (𝑈z,x), and bending strain energy (𝑈z,P), each expressed as, 

 
𝑈z,Z =

4𝑇Z>

𝐸𝜋𝑑Z>
𝑐𝑜𝑠 𝛼z 

E

q.14 

 

 
𝑈z,x =

𝐸𝜋𝑑Zn

24 (𝜋𝑇Z𝑐𝑜𝑠 𝛼z −
𝑠𝑖𝑛 𝛼z 𝑐𝑜𝑠 𝛼z

𝑑Z
)> 

E

q.15 

 

 
𝑈z,P =

𝐸𝜋𝑑Z>

64 𝑠𝑖𝑛n 𝛼z 
E

q.16 

where 𝛼z is the helical angle of self-ply yarn. Therefore the total strain energy of the ply yarn is, 

 
𝑈z =

4𝑇Z>

𝐸𝜋𝑑Z>
𝑐𝑜𝑠 𝛼z +

𝐸𝜋𝑑Zn

24 (𝜋𝑇Z𝑐𝑜𝑠 𝛼z −
𝑠𝑖𝑛 𝛼z 𝑐𝑜𝑠 𝛼z

𝑑Z
)> +

𝐸𝜋𝑑Z>

64 𝑠𝑖𝑛n 𝛼z 
E

q.17 

Tayebi et al.[35] showed an illustrative plot of the above strain energies of the self-ply 

monofilament yarn as a function of 𝛼z. As 𝛼z increases during self-plying process (no tension at 

the yarn ends), the 𝑈z,Z and 𝑈z,P increases and the 𝑈z,x decreases, resulting in a reduction of the 
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total strain energy, 𝑈z. Further increasing of 𝛼z leads to the rising of 𝑈z. Therefore, by solving 

the Eq.17 and get the 𝑈z minimum, the configuration characteristics of self-ply yarn at 

equilibrium is obtained. 

The actuation principle of the self-ply TCPA is shown in Figure 4-8. The radial change-

induced reversible untwisting and twisting of constituting single yarn leads to the further twisting 

and recovery of the self-ply yarn.   

 

Figure 4-8. Structural evolvement and actuation of self-ply yarn-based TCPAs. The yellow line 
on the surface of the yarns represents the helical trace on the surface due to twisting. Blue 
arrows represent the untwist tendency of a single yarn and the resultant plying direction of the 
self-ply yarn. The red arrow represents the rotation directions of the single yarn and the 
resultant further twisting of the self-ply yarn during actuation. Character Z and S are the yarn 
twist type. 

 
4.3.2 Structure mechanics and actuation characterization of linear TCPAs 

Linear TCPAs are fabricated by coiling the twisted single yarn is on itself (self-coil) or 

on a mandrel (mandrel-coil) to form a coiled yarn (Figure 4-9). The self-coiling of an 

overtwisted yarn is due to the strain energy minimization. The critical twist density (𝑇R@~Z~R�G) 

upon which coil starts to develop is given by[24], 
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𝑇R@~Z~R�G =

8�2𝜎𝐸Z
𝜋𝑑Z𝐺Z

 Eq.18 

 

where 𝜎 is the tensile stress (force normalized to the cross-sectional area of the twisted single 

yarn, 	n�
iN[I

) applied at yarn ends during coiling, 𝐸Z is the Young’s modulus of the twisted single 

yarn.  

 

The 𝑇R@~Z~R�G can also be written as a function of applied tensile force as[36], 

 
𝑇R@~Z~R�G =

8(1 + 𝜐)

𝜋
k
>𝐸Z

=
>𝑑Z>

	√𝐹 Eq.19 

where 𝜐 is the Poisson’s ratio, and assume that the twisted fiber or yarn is a mechanically 

isotropic material (2𝐺(1 + 𝜐) = 𝐸). However, most textile fibers and yarns are highly 

anisotropic, and thus the Eq.19 need to be modified. 

Figure 4-9b shows the actuation behavior of the self-coiled TCPA. The untwisting of the 

constituting single yarn due to radial expansion leads to the linear contraction of the TCPA. 

However, the adjacent coils tend to lay on each other during the coiling process, and therefore 

linear contraction strain is limited.  

Mandrel-coiled TCPAs with tunable coil diameter and pitch length have higher actuation 

stroke (Figure 4-9c). Another merit of mandrel-coiled yarns is the structural diversity and the 

resultant actuation behavior diversity. The twisted yarn can be wound around a mandrel in 

various manners, such as winding in the same or an opposite direction to the twist direction to 

fabricate homochiral or heterochiral coiled TCPAs (Figure 4-9c, d). The opposite structures lead 

to opposite actuation behaviors, where the homochiral TCPAs contract under the untwisting 

moment of the single yarn and the heterochiral TCPAs extend. Moreover, by winding the twisted 
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yarn around a cone-shaped mandrel to avoid adjacent coil contact during contraction, a much 

higher actuation stroke can be achieved (Figure 4-9e). 

 
Figure 4-9. Structure mechanics of linear TCPAs and their structural design. (a) Twisted single 
yarn. (b) Self-coiled yarn and its actuation behavior. (c) Mandrel-coiled, homochiral yarn and 
its actuation behavior. (d) Mandrel-coiled, heterochiral yarn, and its actuation behavior. (e) 
Mandrel-coiled, homochiral yarn with gradient coil diameter and its actuation behavior. The 
yellow line on the surface of the yarns represents the helical trace on the surface due to twisting. 
The red arrow represents the rotation directions of the single yarn and the resultant further 
twisting of the self-ply yarn during actuation. 

The geometry of the coiled TCPA is characterized by the length (𝑙R), diameter (𝑑R), 

number of coils (𝑛R), coil angle (𝛼R) and the spring index (𝐶 = N�
N[

) of the coiled yarn. The 

insights of the mechanism of linear deformation of the coiled yarn were provided by Love with 

the elastic spring model[37]. According to Love, the linear extension of a coiled spring is 

originated from the torsional rotation of the constituting fiber. Thus the linear strain of the coiled 

yarn (𝜀R =
∆G�
G�

) is given by[24], 
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𝜀R =

𝑙Z>∆𝑇
𝑙R𝑛R

 Eq.20 

 

Considering the tethering condition for linear TCPAs (Figure 4-9d), a load is always 

attached to the coiled yarns to characterize the mechanical output as well as enhance the 

actuation behavior[36], [38]. Abbas et al.[38] used Catiglianos Second Theorem[39] to express 

the elastic elongation of the coiled yarn under both external force and actuation torque as, 

 ∆𝑙R = 𝑓==𝐹g − 𝑓=>𝜏Z Eq.21 

where 𝑓== and 𝑓=> are the flexibility coefficients of the coil (check the literature[38], [39] for 

their expression), 𝐹g is the external force acting on the coil. As a result, the linear displacement 

∆𝑙R can be calculated by inputting the structural and mechanical parameters of the twisted single 

yarn to obtain 𝑓== and 𝑓=>, the external tension, 𝐹g, and the actuation torque of the twisted single 

yarn, 𝜏Z, by solving Eq.8. In a static condition, the 𝐹g = 𝐹R. Therefore we can rearrange Eq.22 

and get[38], 

 
𝐹R =

∆𝑙R + 𝑓=>𝜏Z
𝑓==

 Eq.22 

 

Abbas et al.[38] also considered the dynamic condition during the linear TCPA actuation, 

 𝐹g + 𝐹R + 𝐹N = 0 Eq.23 

𝐹g under dynamic condition (upward motion) is given by, 

 𝐹g = 𝑚�̈� − 𝑚𝑔 Eq.24 

where �̈� is the acceleration. 𝐹N is the damping force, written as[38], 

 𝐹N = 𝑏�̇� Eq.25 



   

125 
 

where b is the damping coefficient that can be obtained experimentally, and �̇� is the linear 

velocity. Plugging the Eq.22, Eq.24, Eq.25 into Eq.23, we get an second-order differential 

equation[38], 

 
𝑚�̈� −𝑚𝑔 + 𝑏�̇� +

𝑥 − 𝑥? + 𝑓=>𝜏Z
𝑓==

= 0 Eq.26 

where 𝑥 − 𝑥? is the linear displacement ∆𝑙R. By solving the time-dependent stimuli change (e.g., 

temperature-time function[38]) and inputting into Eq.8 to obtain the time-dependent torque, the 

linear actuation displacement ∆𝑙R as a function of time can be obtained[38]. 

 

4.3.3 Parameter analysis 

According to the above analysis, the actuation results of the TCPAs are determined by 

several factors at different hierarchical levels of the yarns, including the mechanical, structural, 

and stimuli-responsive parameters of the precursor fiber (1st level), the mechanical and structural 

parameters of the twisted (2nd level) and/or coiled yarns (3rd level). Table 1 gives an overview of 

these parameters, and how they affect other parameters and the final actuation results. The 

number of parameters and complexity of these parameters (constant, variable, mutual-dependent) 

contributes to the final actuation performance. A careful inspection of their relationships can give 

insight into the TCPA modeling, design, and performance improvement.  
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Table 1. TCPA parameters and their effects. 

 
 
4.3.3.1 Parameters of the precursor fiber 

The original fiber (1st level) has three groups of parameters important to the geometry and 

actuation behavior of the TCPAs. First of all, the diameter of the precursor fiber (𝑑Y) directly 

influences (1) the 𝑑Z, (2) the 𝑙Z, (3) the 𝛼Z (for the same T), (4) the torsional rigidity (𝐺𝐽), (5) 𝑇 

(for same 𝛼Z), and (6) 𝑇R@~Z~R�G. With same 𝑇, larger 𝑑Y leads to a shorter 𝑙Z, larger 𝛼Z, and larger 

𝐺𝐽 resisting twisting deformation, and small 𝑇R@~Z~R�G. Due to these effects, with same 𝑇, the 

larger 𝑑Y ultimately contributes to higher 𝜏PGQRSgN for the twisted yarn and earlier development of 

coils during the twisting process. However, the ∆𝑇, torsional stroke, is not dependent on 𝑑Ywhen 

𝑇 is constant[40]. Another structural parameter of the fiber is the 𝑙Y, which obviously, affects the 

𝑙Z that is in linear relationship to the number of the total untwist (∆𝑛Z). For easier comparing 

between experiments, 𝑇 is always used for torsional actuation by normalizing ∆𝑛Z to the 𝑙Y.  
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In terms of mechanical properties of fibers, the shear modulus (𝐺Y) positively affects the 

shear modulus of the twisted single yarn (𝐺Z) and thus positively contributes to the actuation 

torque of a twisted yarn (Eq.8). In many cases, 𝐺Y is regarded as ��
>(=��)

 by assuming the fiber as 

an isotropic elastic rod[36], [41], and directly used as 𝐺Z. However, In polymer fibers are usually 

mechanically anisotropic due to the directional alignment of molecules during fabrication 

process[42], therefore careful inspection of 𝐺Y is needed. Moreover, the actuation stimuli (e.g., 

temperature, moisture) always soften the material and thus decreases the 𝐸Y and 𝐺Y. To better 

analyze the actuation result, the 𝐸Y and 𝐺Y at different temperatures need to be considered[40]. 

 

Stimuli-responsive parameters comprise another important group of precursor fiber 

parameters originating the actuation behavior. The coefficient of thermal expansion (CTE) and 

coefficient of hygroscopic expansion (CHE) are the most common parameters of the stimuli-

responsive materials used for TCPAs, expressing the relationship between the volume expansion 

and temperature/humidity. Although some researchers use a constant coefficient value in the 

analysis, the CTE and CHE for most polymers changes with the level of stimuli (level of 

temperature or humidity) and are microstructure-dependent[43].  

 
4.3.3.2 Parameters of the twisted single yarn 

The twisted yarn (2nd level) has two groups of parameters that are determined by the fiber 

parameters and fabrication parameters and are directly responsible for its actuation results (listed 

in the stimuli-responsive parameter group). The 𝑑Z, again, is regarded the same as the 𝑑Y, and 

therefore can be considered to have the same effects as the 𝑑Y as mentioned before. The 𝑙Z, while 

always used to normalize the torsional actuation results, if considered, is proportional to the ∆𝑛Z 

and the 𝜏PGQRSgN. The twist density, 𝑇, is a fabrication parameter, and can also be used to 
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characterize the structure of the yarn. Equation 4 shows that for a given fiber, the 𝑇 and ∆𝑑Y are 

directly responsible for the torsional stroke. Higher the 𝑇, higher the ∆𝑇 of the twisted yarn, and 

therefore higher 𝜏PGQRSgN. However, upon a critical twist value (𝑇R@~Z~R�G), further twisting leads to 

self-coiling of the yarn.  

The mechanical property of the twisted yarn responsible for the actuation results is the 𝐺Z 

(Equation 8). The 𝐺Z can be obtained experimentally[11], or calculated considering the 

anisotropic properties of the fiber and twisted geometry[38], or briefly regarded the same as 

𝐺Y[36], [41] in the theoretical analysis. In practical, a large twist far beyond the linear elastic 

range of the fiber is always used to fabricate TCPAs, and therefore a more precise approach is to 

measure the 𝐺Z. For example, Aziz et al conducted the torsional mechanical test of a nylon fiber 

at different twist density within the linear elastic range, and obtained the 𝐺Z that was later used to 

calculate the 𝜏PGQRSgN[11]. 
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Chapter 5 Bioinspired Bistable Dielectric Elastomer Actuators 

Abstract 
Nature has plenty of imitable examples of bistable thin structures that can actuate in 

response to mechanical and environmental stimuli, such as touch, light, moisture, etc. Scientists 

and engineers have used these as models to develop real-world systems with enhanced shape 

stability, energy efficiency, and power output. The bistable leaf of the Venus Flytrap (VFT) has a 

uniquely simple structure that enables exquisite actuation to trap the prey instantly. Here we 

present a strategy, inspired and derived from the VFT, that incorporates dielectric elastomer 

(DE) layers in a bistable actuator capable of reversible snapping via electrical stimulation. The 

trilayered laminated actuator is composed of two prestrained layers and a strain limiting middle 

layer. The balance between elastic energy and bending energy of the laminates results in the 

bistable shapes. We explore a broad design space of the bistable architecture through analysis 

and experiments to validate the fabrication parameters. The rapid snap-through between the two 

stable configurations is activated by a voltage pulse applied on the DE layers that change the 

laminate’s strain field. While a high electric field is used as the actuation trigger, the self-

stabilization characteristic of bistable structure obviates the need for continuous voltage supply. 

Finally, we recommended a new method of flow control by modulating porosity on curved 

surfaces via operating BiDEAs as binary valves. 

 
5.1 Introduction 

Soft actuators, often made mostly of elastomers having low to moderate elastic moduli, 

operate through continuous self-deformation to produce shape change under various stimuli. 

These actuators offer many distinct advantages, including high resistance to mechanical damage, 

contact compliance independent of shape, noise-free actuation, and better compatibility for 

human-robot interaction.  Compared to the traditional rigid actuators, they are light-weight, 
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inherently safe even in the absence of precision control, and have facile design and processability 

at low costs. The inherent softness of these devices is valued in many emerging applications such 

as soft machines and robotics, human-machine interfaces as in augmented reality [1], healthcare 

devices [2], compliant grippers [3], and robotics for locomotion in complex terrains [4], etc. 

While the ability of the elastomeric materials to undergo repeated large deformation and 

recovery cycles is the key to the performance of these actuators, deformation and recovery of 

flexible bodies bring about challenges in actuation speed [5], precise position control [6], and 

repeatability [7]. The challenges come primarily from two aspects, including 1) the mechanical 

properties of the constituent materials and 2) the characteristics of the stimuli. From a material 

perspective, the viscoelastic properties may affect the response speed and uncertainty of control 

[7], [8], and lower modulus may lead to larger viscoelastic loss and low response speed [5]. 

Stimuli such as temperature and moisture gradients have their problems in generating speed and 

precision [9], [10], and pneumatic and hydraulic pressure require complex fluidic control 

systems and external pressurizing devices [11]. Stimuli with better control precision and speed, 

such as ultraviolet light (UV) [12] and electric field/voltage [13], have their challenges in 

potentially inducing material degradation and safety issues. Strides have been made to address 

both of these issues of materials and stimuli. For example, CNT electrode was optimized for 

dielectric elastomer actuator (DEA) to prevent premature dielectric breakdown at high voltage 

[14], self-healable elastomer was used to recover its properties after dielectric breakdown [15], 

and ultrathin electrode and elastomer was fabricated to lower the actuation voltage to hundreds 

of volts [16]. Although, the necessity of continuous application of high voltage on DEA still 

poses a potential for damage to the material and device failure. 

One approach to overcome these challenges is to design soft actuators with bistable 

structures. Bistable structures feature in two stable shapes with associated energy minimum and 
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mechanical instability in between. These characteristics offer the advantage of programmable 

shape deformation, self-stabilization, tunable power output during shape transformation. With 

unique functionalities, bistable soft actuators have been investigated for binary robotic systems 

[17], deployment of load-bearing structures [18], propulsion of swimming robots [19], tactile 

display [20], and flow control [11], [21]. Typical construction of bistable actuators involves 

combining a bistable element (buckled beam or plate) and two active elements that 

antagonistically drive the bistable transformation. Chouinard et al. reported an antagonistic DEA 

module for binary robotic systems. The bistability is obtained using a rotary hinge to push out-

of-plane a stretched DE film, dividing it into two antagonistic actuators [17]. Chen et al. used a 

shape memory polymer (SMP) coupled with a bistable truss to provide rapid and powerful 

propelling force for a swimming robot [19]. Other types of bistable actuator design include 

pressure-induced bistable dome snapping [11] and coupling between tunable material stiffness 

and applied pressure [20].  

Bistable actuators are also found in nature, with compact architectures, high energy 

density, and high output power compared to the engineered bistable soft actuators. From the 

standpoint of simple architecture, the bistable leaves of the VFT are the best exemplar [22]. The 

rapid closure upon sensing of touch has the fastest speed in the botanical world. Turgor cells 

(elementary actuators for plants, works by controlling cellular volume through turgor pressure) 

are selectively distributed in the bistable curved leaves to change the local strain field, thereby 

activating shape transformation. From the aspect of high power output, the striking of the 

appendage of Mantis shrimp is overwhelmingly powerful [23]. A bistable saddle-shaped film 

with very high stiffness but still resilient is the key element, which stores mechanical energy 

from muscle and instantaneously releases it to drive the striking motion.  
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This study aims to provide a compact and energy-efficient design paradigm for a bistable 

dielectric elastomer actuator (BiDEA) by mimicking the working principle of Venus Flytrap. In 

the proposed BiDEA, we use an asymmetrically prestrained trilayered laminated structure to 

demonstrate the electric field-induced shape transformation by manipulating the local strains and 

take advantage of its bending-stretching coupling, as conceptualized in our previous work [24], 

[25]. A variety of cylindrical bistable shapes are derived from a combination of prestrain, film 

stiffness, and trimming strategy (Figure 5-1c-e). Asymmetric tape-spring and symmetric disk 

shapes were analyzed in our previous works, with theoretical analyses for the curvature of the 

stable shapes and bistability range. In this context, symmetry refers to the same level of elastic 

energies stored in the two stable configurations, determined by the levels of prestrains in the DE 

layers and dictates the shape stability and ease of actuation. Here the symmetric helical shapes 

with additional features produced from trimming are analyzed. To switch between to stable 

shapes, a pulse-wise voltage is applied to the DE on the concave, creating stress large enough to 

overcome the mechanical energy barrier and instantaneously transform it to the other stable 

shape. Reversible actuation of the helical BiDEA between the two stable shapes is also 

demonstrated.  

Valves are essential (electro-) mechanical devices used in fluidic and pneumatic systems 

to control the flow, typically by rotating or linearly moving a rigid element in a tubing. Soft 

valves are critical components in some of the emerging technologies, including soft robotics [11] 

and microfluidics [26], [27].  The proposed BiDEAs can be used as a soft valve for on/off 

control of openings on curved surfaces. Wagner et al. reported a bistable electrostatic valve with 

pneumatic coupling, wherein one of the two buckled silicon membranes can be activated 

electrically, and the pneumatic coupling induces the snapping of the other membrane to control 

the opening [21]. Kink-close is used as an effective method to stop flow in a rubber tubing, 
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where an energy-minimized bending DEA [28] and a pressure-activated snapping dome [11] is 

used to pinch silicone tubes. A soft-seal valve is also reported as a commercial product that 

controls flow in a tube by inflating rubber linings to block the flow [29]. Here, we propose a flow 

control mechanism by opening and closing cavities on curved surfaces that, to our knowledge, 

have not been achieved elsewhere. The reported BiDEAs can be designed to accommodate the 

surface and cavity geometry and can be easily implemented as a binary valve.  

 

Figure 5-1. Bistable structures derived from prestrained laminates. (a-b) Fabrication 
parameters and mechanics of bistable bending. (c-e) Bistable shapes after trimming. Two states 
of the bistable structure are denoted with numbers 1 and 2. (c) Four bistable shapes: rectangular 
plate, disk, tape-spring, and helix. (d-e) Bistable helices with inverted handedness, with (d) 
structural symmetry, and (e) structural asymmetry of the two-handed helices. 
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5.2 Materials and methods 

The BiDEAs are fabricated by laminating two orthogonally prestrained elastomeric films 

(VHB 4905, 3M Corp., MN) onto a middle supporting film of either polyimide (PI, Kapton 

100HPP-ST, Dupont, DE) or polyester (PET, RF025, DUNMORE Aerospace, PA), using a 

procedure describe in our earlier publications [24], [25]. The trilayered laminates are then 

trimmed with a razor blade to obtain the various shapes. Flexible electrodes are applied to the 

supporting film and DE films before bonding them together. Poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS, OrgaconTM EL-P5015 Agfa-Gervaert N.V.) is screen 

printed onto one side of the supporting film as the ground electrode, and carbon nanotube (CNT) 

sheets are transferred onto the outside of the DE films overlapping the ground electrode. The 

CNT films were drawn from vertically aligned multiwall carbon nanotube forests synthesized in 

a tube furnace by the modified chlorine mediated chemical vapor deposition process [30]. The 

electrodes are subsequently conneted to two computer-controlled high-voltage power supplies 

(EMCO, model 4120, XP Power) using CNT yarns (Nanocomp Technologies, Inc., NH) and 

silver epoxy (MG Chemicals, B.C., Canada). Two thin silicone films (Ecoflex™ 00-35, Smooth-

On Inc., PA) prepared earlier by spin coating are applied to cover the surface electrodes to 

eliminate possible electrical leakage.  

Initial shape characterization was conducted by capturing still images of the BiDEAs 

with a camera and measuring the curvature using image analysis software (ImageJ, NIH). 

Electromechanical response of the BiDEAs were examined by a customized setup consisting of 

power supplies, a digital video camera and a computerized voltage-trigger. The actuation of the 

BiDEAs were recorded in real-time using a video camera. The video images were analyzed using 

ImageJ to determine the shape. 

  



   

138 
 

5.3 Bistable structure design  

5.3.1 Prestrain-induced bending and bistability 

The BiDEAs reported here are based on the principle that laminates with in-plane stresses 

outside of the neutral plane spontaneously produce out-of-plane deformations such as bending, 

twisting, and wrinkling. The trilayered laminates, used here, are fabricated with top and bottom 

DE layers, biaxially prestrained, and attached to the stiffer strain limiting mid-layer to hold the 

elastic energy in the other layers (Figure 5-1a). The prestrain mismatch of two surface DE layers 

acts to bend the laminate, while the middle layer serves as the neutral plane. The biaxial bending 

moments resulting from differential prestrains tend to bend the laminate about orthogonal axes 

and generate a bistable cylindrical structure (Figure 5-1b).  

In the laminate, illustrated in Figure 1a and b, two reference coordinate systems are used 

to define the principal geometries in 2D (x, y) and 3D (𝑒Z, 𝑒P, z), where the x, y-axes are along 

with the width and length directions of the trimmed shape during fabrication, and 𝑒Z𝑧 and 𝑒P𝑧-

planes are two planes of curvature in the bent shape. To simplify the analysis, the two DE layers 

are identically prestrained orthogonally with a larger prestain (𝜀p) and a smaller prestrain (𝜀�), 

and are cross-laminated to the middle layer to get the net asymmetry in prestrains (∆𝜀 = 𝜀p −

𝜀�). Therefore, 𝑒Z and 𝑒P can also be interpreted as axes of net asymmetric strains, and the two 

stable states are energetically symmetric. The relatively high elastic modulus of the middle layer 

limits its in-plane deformation, and thus the bistable cylindrical shape has zero Gaussian 

curvature at most regions except for the edges due to the boundary effect [30]. The curvatures in 

𝑒Z𝑧- (𝐶g[�) and 𝑒P𝑧-planes (𝐶g��) are opposite in sign and quantitatively identical, due to the 

same levels of net prestrains and bending stiffnesses (Figure 5-1b). The analysis of the bistable 

shape follows that in our previous paper [24], capturing the stress distribution along with the 

laminate thickness and the bending rigidity of different layers, such that, 
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                                    Equation 1 

Here sp and s� are contractile stresses induced by strains 𝜀p and 𝜀�, ℎP and ℎZ are the 

thicknesses of the bottom and top DE layers after prestrain, and 𝐸� and 𝐸x are Young’s modulus 

of the DE and strain limiting layers.  

5.3.2 Characteristics of helical structures  

Now that we have fabricated the bistable laminates, the final shape of the laminate is 

obtained simply by trimming with a razor blade or laser to yield various shapes, such as 

rectangular, round, helical, and others. Bistable helical shapes are generated by trimming strips 

out of the laminate at various angles (𝛼) to the direction of the net prestrain (Figure 1a). After 

self-equilibration, a bistable helix with two stable shapes having lengths (𝐿=, 𝐿>), pitches (𝑃>, 

𝑃>), and identical radii of curvature (rg[�, rg��) for the two stable shapes (Figure 5-2) is 

obtained. Here the subscripts 1 and 2 denote the two stable states. Angles 𝛼 and (p− 𝛼) serve as 

the helical angles of the two stable states. The geometrical parameters, 𝐿=, 𝐿>, 𝑃=, 𝑃>, can be 

expressed in terms of the other geometrical and material parameters as, 

𝐿= = 𝑙 cos 𝛼,                                                                Equation 2 

𝐿> = 𝑙 sin 𝛼,                                                                Equation 3 
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,                                  Equation 5 

where 𝑙 is the length of trimmed strip in 2D, and 𝐶g[� and 𝐶g�� are calculated curvatures 

according to Equation 1.   
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Figure 5-2. Structural parameters for the bistable helix from 2D to 3D. 

 

5.4 Results and discussion 

5.4.1 Shape characterization 

The effect of prestrains on the bistable shapes of helices and disks is presented in Figure 

5-3a. It is evident that the curvature increases with the increase in net prestrain, resulting from 

either reducing 𝜀� or increasing 𝜀p. As expected, the curvature values of the helix and the disk 
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are the same under the same prestrain combinations and match well with the calculated values of 

curvature. When the net prestrain is lower than a certain level, the resulting curvature cannot 

hold against its weight, leading to a nearly flat monostable laminate. Figure 5-3b (and d) show 

the effect of the stiffness of the strain limiting layer on the bistable shape, in terms of both 

experimental (disk and helix) and theoretical curvatures. PET and PI films with the same 

thickness but different elastic moduli were chosen as the middle layer. Again, the two trimmed 

shapes share identical curvatures at given prestrains, as expected. Higher support layer stiffness 

results in smaller curvature both experimentally and theoretically.  

The effect of trimming angle is illustrated in Figure 5-3c. Here the two DE layers are 

prestrained at 𝜀p = 100%, 𝜀� = 40%, and attached to the PI film support layer of 25μm thick. 

The angle α ranges from 0 to 90°. As a result, the helical length for the two stable states changes, 

while the curvature remains constant.  
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Figure 5-3. Effect of fabrication parameters on the bistable shape. (a) Effect of prestrains on the 
curvature of the bistable disk and bistable helix, and theoretical results, with PI as the support 
layer. (b) Effect of elastic modulus of the support layer on the curvature, with 𝜀p = 40% and 
constant 𝜀�. (c) Experimental samples of (b). (d) Effect of cutting angle on the curvature and 
experimental samples showing the bistable shapes with cutting angles of 30°, 60°, and 90°. Star 
dots represent monostable samples. 

 
5.4.2 Electric field-induced actuation of the helical BiDEA 

To activate the shape transformation of the BiDEA, both top and bottom DE layers are 

used as active elements by applying a pair of compliant electrodes on each layer. The electric 

field-induced actuation response in DEs is due to the electrostatic attraction between the 

oppositely charged compliant electrodes on the surfaces of a thin elastomeric film[31], [32], see 

Figure 5-4a. The resulting deformation of the DE films upon applying an electric field to the 

electrodes alters the strain field in the laminate and thus activates the shape transformation 
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(Figure 5-4b, Video S1). While the middle electrode (PEDOT:PSS) printed on the strain limiting 

layer works as the common ground, the two surface electrodes (CNT film) placed on the outside 

of the DE layers are positively charged and individually controlled for the reversible actuation, 

see Figure 5-4c. 

One of the problems encountered upon application of electric field is the dielectric 

breakdown of the air at the edges of the DE layers where the electric field is generally higher and 

exceeds the dielectric strength of the air (3*106 V/m [33]) sooner. The electrical breakdown of 

the air at the sharp electrode edges and corners of a conductor is well documented [33]. Silicone 

oil and a thin film of silicone were tested as insulating materials around the electrode edges. 

While silicone oil can be easily brushed onto the surface of the BiDEA without affecting its 

mechanical properties, the silicone film was more effective as an insulator. To eliminate the air 

breakdown without significantly affecting the mechanical properties of the laminate, two thin 

films (10-15µm) of low-modulus silicone were formed using spin coating and subsequently 

laminated to the outer surfaces of the BiDEA.  

Figure 4 illustrates the actuation mechanism, the actuator layout, and the experimental 

setup. The sample shown in Figure 5-4d is a helical BiDEA with a curvature of 110 m-1 and is 

reversibly actuated at 5kV. Cyclic actuation of the helical BiDEA with the alternative voltage 

supply for V1 and V2 is shown in Video S1.  
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Figure 5-4. Actuation mechanism and experimental setup. (a) Actuation mechanism of DE. (b) 
Schematic of reversible actuation of the BiDEA. (c) Laminate components and layout. (d) 
Actuation setup. 

 
5.4.3 Binary valve for curved surfaces 

As mentioned earlier, we explored the use of BiDEA as a soft valve. Utilizing the 

BiDEAs as binary valves for porosity control of openings on curved surfaces has several 

advantages: 1) Automatic valve control with applied potential is convenient and reliable, 2) The 

binary mechanism can keep pores open or close (on or off) without continuous application of 

voltage, 3) The soft BiDEAs can conform to the curvature of the porous substrate for better 

sealing, 4) The porosity of the surface can be controlled by varying the tethering conditions of 

the BiDEA, and 5) Individual activation of BiDEA is attainable to control the porosity in a 

spatially distributed manner.  
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Three tethering conditions of the disk type BiDEA are proposed for a brief comparison of 

the efficacy of porosity control and the required operational space. The examples shown in 

Figure 5-5a-c have identical fabrication and material parameters but are trimmed differently for 

three tethering conditions. The bistable valve in Figure 5-5a is tethered at two ends (marked by 

red triangles) along the centerline at points further out from the valve boundary to allow for 

complete flattening of the curved center axis required for zero Gaussian curvature of the other 

stable state. Therefore for this shape, we included a small extension on both sides of the BiDEA 

valve. In this case, the degree of pore opening is small, but the advantage is that the BiDEA 

requires a small space to operate. Figure 5-5b shows another version of the BiDEA valve 

tethered at one end, with the tether anchored away from the valve boundary. While the valve, in 

this case, cannot fully close, the extent of the opening is the largest. It is because the thin 

extended strip is monostable due to its small width [34]. Figure 5-5c shows the BiDEA valve 

configuration with a single anchor placed at the valve boundary along the center bending axis. In 

this case, the valve can fully close and open with a large opening. 

The electrical control of the binary valve on a curved surface is presented in Figure 5-5e 

and Video S2.  The corrugated porous substrate (Figure 5-5d) is 3D printed with a curvature of 

110 m-1 same as that of the BiDEA discussed earlier for reversible actuation. The fabrication of 

the BiDEAs is based on the relationship of various parameters represented in Equation 1. Here 

we adopt the third tethering conditions for the bistable valve considering the full closure state 

and decent magnitude of opening. By applying a voltage to the top pair of electrodes, the BiDEA 

snaps down to close the pore, while applying a potential to the bottom pair of electrodes reverses 

the deformation and opens the pore.  
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Figure 5-5. Bistable valve design and actuation. Bistable valves with (a) two-ends tethered and 
(b) one end tethered outside valve boundary, and (c) one-end tethered at the valve boundary. (d) 
A wavy substrate with open holes. (e) Actuation of bistable valve for pore open and close. The 
red triangle dots represent the tethering points. 

 

5.5 Conclusion 

We have presented a novel design for a DE-based bistable soft actuator and addressed the 

general design issues and their limitations. The BiDEA is a trilayer laminate that can be 

reversibly transformed from one stable cylindrical shape to another upon application of an 

electric field to the constituent DE layers. Diverse BiDEA structures were investigated by 

manipulating the fabrication parameters, including prestrain combinations, mechanical properties 
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of the constituent layers, and trimmed shape geometry, all guided by laminate bending analyses. 

The feasibility of reversible actuation of the BiDEAs was also demonstrated by applying an 

electric field alternatingly to the appropriate DE layer in the structure. The self-equilibrating 

feature of the bistable structure enables the programmable deformation and eliminates the 

necessity of continuous high voltage application. We have also demonstrated that this compact, 

lightweight, shape-programmable, electrically-activated binary actuator can be used as a soft 

valve or shutter that can operate on curved surfaces. Finally, the BiDEAs offer promising 

potential for application in wearable or other soft robotics due to their advantages of facile 

manufacturing, low cost, and flexibility.  
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Chapter 6 Moisture-Driven Cellulose Actuators with directional motion and 

programmable shapes 

Abstract 

The hygroscopic motion of plants has inspired the development of soft actuators driven by the 

abundant moisture sources in the environment. The autonomous and untethered moisture-driven 

actuators driven by environmental moisture and their fluctuation are of great research interest. 

However, the slow response and the monotonous bending deformation restrict their further 

application. Here, we present fast-morphing, locomotion direction-controllable, and motion-

programmable soft actuators using low-cost and commercially available cellulose films 

(cellophane). The cellophane films reported here bend almost instantaneously under changing 

humidity, with maximum curvature of 4 cm-1 when the relative humidity (RH) decreases from 55 

(ambient) to 15%. The cellophane actuators show high repeatability and negligible hysteresis 

upon cyclic variation of RH from 20 to 80%. We used both coated and uncoated cellophane 

films for different actuation modes. The uncoated cellophane is used as a self-walking actuator 

that can continuously move on a moist substrate through autonomous bending-rolling-flipping 

cycles. The flipping frequency and direction are controlled by increasing the angular momentum 

and shifting the center of weight through attaching appropriate weights to the leading ends of the 

cellophane. The coated cellophane film was used to fabricate motion-programmable actuators 

through heat-laminating. We design and fabricate several actuator structures and demonstrate 

their diverse moisture-induced motions. 

1. Introduction 

 In nature, moisture is the primary driving force for the passive actuation in plants. Examples 

include the opening of pea pods [1] and pinecone [2] for seed disposal, as well as the locomotion 
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of wheat awns [3], all due to the change in environmental humidity. The passive motion relies on 

the moisture absorption and desorption-induced volume change of hygroscopic constituent 

materials, mainly cellulose. Different movement such as bending, twisting, and coiling is 

achieved at the microscopic level through the response of moisture active and inactive materials 

present in the structures; for example, the opening of pinecone under decreasing humidity results 

from the differential deswelling of the bi-layered scale [2]. The various motions of plants have 

given insight into the design of soft artificial actuators [4], which play a crucial role in emerging 

technologies such as human-machine interfaces [5] and smart textiles [6]. 

Soft actuators produce mechanical work under a variety of energy inputs. The active 

materials used for soft actuators include dielectric elastomers (DE) [7], photo-responsive 

polymers [8], thermoplastic polymers [9], hygroscopic materials [10], carbon nanotubes [11], 

etc. The actuation performance such as the large actuation strain of DEs over 200% [12], the 

high output stress of twisted and coiled polymer (TCP) over 22 MPa [13], the high energy 

density of CNT actuators of 160 J/kg [14], and the wide range of mechanical flexibility and 

multi-stimuli responsiveness [15] point to the potential of soft actuators to overcome the limits of 

conventional actuators (e.g., motors) and possibly surpass the performance of natural muscles.  

Among various stimuli used to power the soft actuators, moisture can be rated as the 

greenest energy that is abundantly available in the environment. The variety of sources include 

the sweat and breath of humans, day-night rhythm of environmental humidity, and that near and 

away from the water source, etc. Soft actuators based on the principle of moisture absorption and 

desorption-induced reversible volume change of the hygroscopic materials designed to convert 

the moisture gradient into mechanical work have been reported [16]–[19]. However, the slow 

response speed is a common issue in moisture actuation due to the time needed for moisture 

diffusion, absorption, and desorption [20], [21]. Therefore, efforts are underway to increase the 
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actuation speed by creating porous structures to facilitate diffusion [19], [22], accelerating 

desorption rate by heating [16], and adjusting the absorption and desorption rate of the material 

[23]. Another limitation of moisture actuation is the limited motion types due to the global 

moisture variation and less-explored structural design. Typically, the actuator takes the shape of 

a film that bends or twists upon exposure to a moisture source as a result of differential swelling 

[23]–[25] [6], [18]. Moreover, the moisture-driven soft actuators are restricted by the lumbering 

change of the relative humidity (RH) that lack speed and precision. Photo- or electro-thermal 

[16], [17] and other stimuli-responsive elements [15], [23] have been employed to assist in the 

quick response of moisture-driven actuators. 

Here we report fast, motion-programmable, and locomotion direction-controllable moisture-

driven soft actuators using commercially available cellulose films (cellophane). Cellophane is a 

thin sheet, highly sensitive to moisture with a large swelling ratio (fractional increase in the 

weight due to water absorption) and the ability to absorb and desorb (fast response) moisture at 

high speed [26].  It is biodegradable (environmental-friendly) and commonly used in packaging 

and filtration industries [27]. Two types of cellophane, i.e., uncoated and one side-coated, were 

characterized for their material properties and moisture-induced bending behavior. The uncoated 

cellophane deforms continuously in an environment with varying moisture gradients (e.g., the 

palm of a hand, near water surface) through a series of bending, rotating, and flipping motions. 

We increased the speed of such movement and achieved directional motion by simply increasing 

the angular momentum and shifting the center of gravity by attaching appropriate weights to the 

leading ends of the actuator. For the coated cellophane, a thin coating of moisture-blocking 

polyvinyl dichloride (PVdC) on the film's surface enhances the bending motion through the 

differential swelling of the bilayer. The additional heat-laminating capability of PVdC enables 

the convenient hot press method to fabricate structured actuators with other movements. We 
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demonstrated several programmable movements of the cellophane actuators, including rotation, 

snake-like motion, and lifting motions.   

2. Materials and methods 

Materials: Commercially available uncoated cellophane films with three different thicknesses 

(21, 28, 42µm) and one-side, PVdC-coated cellophane (24µm), were used (Futamura, Atlanta, 

GA).  

Fabrication of motion-programmable actuator: Coated films were used to construct the 

programmable actuators through heat-lamination. The films were cut into designed shapes, and 

then laminated with the coated sides in contact with each other at 120℃ for 2 minutes using a 

heat press machine. 

Characterization: The degree of crystallinity and preferential crystal alignment direction were 

measured using a wide-angle X-ray diffractometer (WXRD) (Rigaku SmartLab X-ray 

diffractometer). The water-induced swelling ratios of the uncoated cellophane in three 

dimensions, i.e., machine direction (MD), cross direction (CD), thickness direction (TD), were 

measured at ambient temperature, with the in-plane dimensions measured with a ruler, and the 

thickness measured with a digital thickness gauge (Digital thickness gauge, Mitutoyo). The 

mechanical properties of the uncoated cellophane in the ambient environment and the wet 

condition were measured using a tensile tester (MTS, 30-G) with appropriate load cells. The 

coating thickness was measured on the microscopic images under scanning electron microscopy 

(SEM TM4000, Hitachi). 

Moisture-induced bending analysis: The moisture-induced bending behavior of the cellophane 

was characterized in both natural moisture-rich environments and a humidity-controlled 

chamber. The palm of hand and water were used as natural humidity sources. Actuation 

measurements were performed in a glove box to avoid air movement while the bending motion 
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of the sample was recorded with a video camera. For humidity-controlled actuation, a 

customized humidity chamber in which the RH is controlled by tuning the wet and dry air influx 

was used (Figure 6-3a). The bending angle and curvature were then measured frame by frame 

using Photoshop (Adobe). The relative humidity and temperature near the sample were 

continuously recorded by a humidity and temperature sensor (SHTC3, Sensirion, Switzerland).   

3. Results and Discussion 

Moisture-induced bending 

Soft actuators with bending motions are usually fabricated from films [23], [28]. At the 

same time, the extent of their deformation is enhanced by constructing bilayer structures [15], 

[18] and bending directions is controlled by introducing mechanical anisotropy [29], [30]. In this 

study, we used cellophane films that are inherently anisotropic and are available with ultrathin 

hydrophobic coatings.  

The anisotropy of the films comes from the extrusion and roll-to-roll fabrication process, 

where the cellulose molecules are aligned preferentially in-plane along the machine direction 

forming a semicrystalline structure. The degree of crystallinity of 43% and preferential crystal 

orientation in [1¶	1	0] plane (in-plane) were determined by the WXRD for our films ( 

Figure 6-1a). This microstructural characteristics manifests in anisotropic differential 

swelling and tensile behavior; both are important in the deformation characteristic of the 

actuator. The measured differential swelling of the films in three principal directions, i.e., MD, 

CD, and TD, is shown in  

Figure 6-1b, c. The swelling was primarily observed in the TD (97%), with minor 

swelling in the CD (8.7%) and negligible swelling in the MD. The mechanical anisotropy is also 

illustrated by the tensile behavior of the films ( 
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Figure 6-1e). The measured Young’s modulus (𝐸) in the MD (𝐸¸¹ = 5.76𝐺𝑃𝑎) is almost 

twice of that in the CD (	𝐸²¹ = 3.2𝐺𝑃𝑎) in the ambient environment (50%RH, 22℃). By 

submerging the films in water, the anisotropy enhances (𝐸¸¹ = 0.38𝐺𝑃𝑎, 𝐸²¹ = 0.14𝐺𝑃𝑎), 

while 𝐸 decreases drastically due to the softening effect of water on cellulose [31]. The coated 

cellophane film is widely used for moisture blocking and heat-sealing purposes. Here we utilize 

both features to make moisture-sensitive soft actuators with enhanced bending response and 

programmable motions. The ultrathin PVdC coating of 3.3µm ( 

Figure 6-1d) effectively enables differential swelling of the film and thereby enhances the 

bending deformation. 
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Figure 6-1. Material properties of cellophane films. (a) Semicrystalline information by WXRD. 
(b) Water-induced dimensional swelling of uncoated cellophane, and (c) anisotropic swelling in 
three dimensions. (d) SEM images of the cross-section of the one-side coated cellophane. (e) 
Anisotropic tensile properties at ambient and wet conditions.    

To study the effect of film thickness and coating on the hygroscopic bending performance, 

we compared the uncoated cellophane films of three thicknesses (21, 28, 42µm) and a 24µm-

thick one side-coated cellophane. Unless otherwise specified, all samples for moisture-induced 

bending actuation were cut along CD in 20mm length and 5mm width. Samples were placed on a 
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polyester screen mesh that neither blocks nor absorbs the moisture, and then housed in a glove 

box to avoid air movement.  

The films instantaneously bend upward when a water bath was abruptly brought beneath 

the film and then recover when the moisture source was removed (Video S2). The curvature (κ) 

of different samples and RH as well as temperature near the surface of the film as a function of 

time are shown in Figure 6-2c. In general, thicker films show lower curvature and longer 

response time because of the higher bending stiffness and prolonged diffusion of water 

molecules into the film [26]. The coated cellophane generates almost twice the curvature of the 

uncoated cellophane under similar exposure to moisture, suggesting that the bilayer structure 

with differential swelling can effectively improve the response. Similar response has been 

observed upon placing the film on the palm of hand. However, it is important to note that larger 

κ and faster bending speed are observed on top of the palm of a hand, due to higher and faster 

increase of RH (Figure 6-2d, Video S3).  
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Figure 6-2. Actuation of cellophane under natural moisture gradient. (a) Schematic of moisture-
induced bending of the pure and coated cellophane. (b) Photographs of moisture-induced 
bending of cellophane films cut along MD, TD, and 45° to the MD. (c-d) Curvature change of 
cellophane films and the change of RH and T when (c) water bath and (d) palm of hand 
approached and removed from beneath.  

 

Based on our observations thus far we focused on a systematic study of the moisture-

induced bending behavior of the coated cellophane using a customized humidity chamber, see 

Figure 6-3a. The RH of the chamber is designed to reliably tune the RH from 10% to 90% in 

around 40 seconds. The coated film is placed on the polyester screen mesh in the chamber, and 

its bending behavior under the change of RH is measured (Figure 6-3b, c).  As the RH increases 

from that of the ambient environment (55%) to 90%, the film bends toward the coated side to a κ 

of 2.8 cm-1 in 10 seconds and gradually recovers as the RH passively returns to the ambient 

condition. When the RH decreases from ambient to 10%, the film bends in the opposite direction 



   

160 
 

with an equilibrium κ of 4 cm-1 and flattens as RH recovers (Figure 6-3d). The change in 

curvature follows the RH change closely. which is determined by the RH chamber (e.g., chamber 

size) and is the primary restriction of actuation speed in this experiment. 

The response of the film was further evaluated by subjecting it to cyclic change in RH 

between 20% and 80%. This range was selected for faster actuation speed due to the nature of 

the experimental set up that allowed for faster change in RH in that range. In the cyclic actuation 

of 30s/cycle, the curvature changes repetitively between -3cm-1 and 2cm-1 (Figure 6-3f, video 

S4). Interestingly, the curvature changes almost linearly with RH during the absorption as well as 

desorption during one of the cycles, see Figure 6-3g. The result of five actuation cycles 

demonstrates good repeatability of actuation with small hysteresis (Figure 6-3h). The film 

recovers to nearly zero curvature in each cycle when RH returns to the ambient level.  
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Figure 6-3. Actuation of the one-side coated cellophane in an RH-controlled chamber. (a) 
Schematic of the customized RH control unit. (b) A photograph of the chamber. (c) Curvature 
measurement of a bent film. (d) Actuation results under maximum RH capacity of the chamber. 
(e) One actuation cycle from (f) cyclic actuation within the selected RH range. (g) One actuation 
cycle from (h) cyclic actuation plotted as a function of RH. 
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Self-walking Actuators 

The published work on the moisture-driven self-walking actuators are primarily designed 

based on two working principles; (1) oscillatory bending motion with asymmetric frictional 

legs/substrate for directional motion under changing RH [18], [32], and (2) continuous rolling 

and flipping locomotion on a moist surface [23], [33]–[35]. Constructing self-walking actuators 

using the second mechanism is promising; first, there is no need for tedious RH tuning, and 

second, the rotation is much faster than bending and can be used to enhance locomotion speed.  

Here we also observed the continuous bending and flipping motion of uncoated cellophane 

films on moist surfaces. The mechanism of such locomotion are described in other reports [33], 

[36] and is shown in Figure 6-4a. In brief, when a film is (1) placed on a surface with moisture 

gradient (e.g., water surface, palm of a hand, wet paper, etc.), (2) it bends upward due to the 

differential moisture absorption to a certain curvature that leads to instability and (3) the bent 

film rotates. At this point it can either (4) flip or (4’) oscillate back depending on the angular 

momentum (𝐿) of the bent film as the rolling begins. (4) If the bent film flips, (5) it then flattens, 

the flat film (6) quickly bends upward due to higher moisture at the bottom side and continues 

the aforementioned steps. However, such locomotion motion is arbitrary, without control of the 

flipping and flipping direction. 
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Figure 6-4. Schematic of self-walking actuator design. (a) Locomotion steps of pure cellophane 
on a moist surface. (b) Modifying locomotion by attaching masses. From left to right: pure 
cellophane, identical masses attached to top ends to decrease the chance of oscillation 
(symmetric), identical masses attached to top and bottom ends for directional locomotion 
(asymmetric). (c) Effect of bending angle on the chance of flipping of the symmetric sample. 
From left to right: θ<180°, θ=180°, θ>180°. 

Here we increased the flipping frequency and controlled the locomotion direction using a 

simple method of attaching appropriate weights at the two ends of the films, with the schematics 

shown in Figure 6-4b. Compared to the uncoated cellophane that tends to oscillate after bending 

to a certain curvature, that with weights added at two ends on the top of the film tends to flip due 

to the increased angular momentum (Video S5). The angular momentum can be written as, 

𝐿 = 𝐼𝜔 = 2𝜔𝑚¾x𝑟> 

 

where	𝐼 is the moment of inertia, 𝑊¾x, 𝐿¾x, ℎ¾x, 𝜌¾x are the width, length, thickness, and 

density of the mass, and 𝜔 is the rotational speed of the actuator. Assumptions are made 
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including the negligible weight of cellophane (1mg) compared to the attached masses (𝑚¾x =

10𝑚𝑔), symmetric bending, uniform bending curvature, and constant radius of curvature (𝑟) 

during rotating and flipping. The initial 𝜔 is hard to determine, since the rotation is triggered by 

any instability due to the air turbulence, surface roughness of the substrate, etc. Increasing the 

weight increases the 𝐿 and thus facilitates the flipping motion, but too large weight can restrict 

the bending deformation and thus inhibit flipping. Therefore, we choose 10mg weight for the 

cellophane actuators.  

The bending angle (𝜃) is another important factor for the flipping of the film. The 

schematics of symmetric actuators (masses attached on top of the film at two ends) with three 

bending angles (𝜃 < 180°, 𝜃 = 180°, 𝜃 > 180°) are shown in Figure 6-4c. If we assume the 

energy conservation (energy conversion between potential energy and kinetic energy, and no 

energy dissipation) during the rolling of the actuators, the potential change due to the height 

change of the center of mass (COM) can be used to infer the chance of flipping of the bent film 

(Figure 6-4c). Specifically, when θ<180°, the kinetic energy converts into potential energy due to 

the increase of the height of COM (Figure 6-4c, left), leading to a decrease of the rotational 

speed. When θ=180°, the kinetic energy remains constant as the COM remains in the center of 

curvature (Figure 6-4c, middle), and thus the actuator rotates with a constant speed. When 

θ>180°, the potential energy converts into kinetic energy due to the decreasing of the height of 

COM (Figure 6-4c, right), and therefore, the actuator rotates with an increasing speed. The 

experimental results of the effect of 𝜃 on the chance of flipping are shown in Video S6-8, where 

the 𝜃 is tuned simply by changing the length of the film. By increasing the length of the film 

from 10mm to 25mm, while keep the width constant at 10mm, the film bends with higher 𝜃 

under the same actuation condition, and thus have higher chance of flipping.  
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To control the flipping direction, the weights are attached to the top of one end of the film 

and bottom of the other end (Figure 6-4b, right) to off-center the COM to one side of the Z-axis. 

In the schematic shown in the right of Figure 6-4b, the COM is shifted to the left side where the 

weight is further away from the rotating center. After flipping and bending, the COM is still on 

the left side. Therefore, it is expected to always rotate counterclockwise and move to the left 

(Figure 6-5a). To demonstrate this hypothesis, the uncoated cellophane film (L=20mm, 

W=10mm) was attached at the top and bottom of the two ends with two identical masses 

(𝑚¾x=10mg) and then placed on a substrate on top of water bath (water T=34±0.5℃) (Figure 

6-5b). As a result, the cellophane actuator bends and flips at a frequency of 7 rotation/min, flips 

to the expected direction with 78% confidence, with a minimum oscillation ratio of 7% (Figure 

6-5c, Video S9). Ideally, the asymmetric cellophane actuator flips to the direction where the 

mass is away from the center and achieves directional motion, but there are still chances of 

opposite flipping direction. Possible issues can be: (1) instability due to air turbulence and 

surface roughness of the substrate, (2) minor human errors due to the hand-trimming and 

attaching of masses. 
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Figure 6-5. Directional self-walking actuators. (a) Schematic and (b) experimental photographs 
of the directional motion of asymmetric design. (c) Actuation results of the three self-walking 
designs.  

 

Programmable actuators by heat laminating 

The coated cellophane film was used to fabricate programmable actuators with different 

motions. As mentioned above, it bends instantaneously with a large bending curvature due to 

differential moisture absorption (or desorption) under RH change. The thin thermoplastic coating 

enhances the bending deformation and enables a convenient heat-sealing method for 

programmable actuator fabrication. Here we designed several structures to convert the bending 



   

167 
 

motion of the film into various motion types for potential applications in robotic locomotion and 

shape-changing textiles. 

A rotational actuator is shown in Figure 6-6b, Video S10, fabricated by heat-laminating 

three coated cellophane strips (each trimmed at 45° to TD).  As the strips deform into helical 

shapes under changing RH, they exert rotational forces to the laminate that lead to its rotational 

locomotion. Another designed actuator generates bidirectional bending with lifting motion 

(Figure 6-6c, Video S11). In particular, two cellophane strips were trimmed along TD and then 

cross-laminated with the coating side facing each other. Changing the RH results in the strips’ 

bending in opposite directions, leading to the lifting motion of the actuator at both increasing and 

decreasing RH. Another design utilized the bidirectional bending of the coated cellophane to 

generate snake-like motion by alternatively laminating cellophane strips in a linear manner 

(Figure 6-6d). The adjacent strips bend in opposite directions as RH changes, leading to an 

overall wavy deformation. Cycling the RH between low and high levels leads to repetitive 

bending directions change of the individual strips (Figure 6-6d, Video S12).  



   

168 
 

 

Figure 6-6. Design and actuation of programmable actuators. (a) Strip trimming angles. (b) The 
rotational actuator. (c) The lifting actuator. (d) The snake-like actuator. (d) The thickness-
changing fabric. 

The transformation between flat to wavy shapes of the laminated cellophane was further 

utilized to induce the thickness change of a fabric. As shown in Figure 6-6e, several laminated 

actuators with wavy motions were sandwiched in a two-layer fabric that were sewed together 

along three boundaries. The length of the laminated actuators was similar to the fabric length for 

overall thickness change, and the width was kept low (5mm) to allow efficient moisture diffusion 

in the fabric. As a result, the bending of the cellophane increases the distance of the two layers of 

the fabric (Figure 6-6e). However, due to the small bending force, the thickness change of the 

fabric is almost negligible.  
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4. Conclusion 

Low-cost and commercially available cellophane films were studied for hygroscopic 

bending motion and demonstrated the potential use as self-walking and motion-programmable 

actuators. The large and anisotropic swelling behavior, as well as the decent moisture absorption 

and desorption speed, makes it a good candidate as hygroscopic bending actuators. Remarkably, 

the pure cellophane can move continuously on a moist substrate, converting the chemical 

potential (moisture gradient) into the mechanical energy that powers its motion. We enhanced 

such self-walking motion by increasing angular momentum for flipping and shifting the center of 

mass for directional locomotion. Moreover, the one side-coated cellophane films were studied 

and showed larger bending curvature than the uncoated ones due to the differential swelling of 

the two layers. The coating promotes the bending motion and also enable the heat-laminating 

ability, which was used as a convenient method to build different actuator structures for 

diversified motions. We demonstrated several motion-programmable actuators through structural 

design, including the rotational, lifting, and snake-like actuators and thickness-changing fabric.  
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Chapter 7 Multi-Stimuli-Driven Viscose Rayon TCPAs 

Abstract 

Twisted and coiled structures have transformed the conventionally passive textile fibers 

and yarns into soft actuators that can be potentially used for soft robotics and smart textiles. For 

wearable applications, moisture is an abundant source of stimuli for soft actuators in the near-

body environment but is limited by the slow response speed and lack of active control. Here we 

demonstrate rapid and multi-stimuli-activation of highly twisted and coiled polymer actuators 

(TCPAs) fabricated from a conventional textile material – viscose rayon. After inserting a high 

level of twist, the large and rapid radial expansion of viscose rayon fiber upon exposure to 

moisture is converted to torsional (maximum stroke of 288 degree/cm and speed of 60 rad/s) and 

linear motions (maximum strain of 12% and blocking force of 4.2mN/fiber). We designed 

hierarchical twisted structures of TCPAs and investigated the effect of key structural parameters 

on the actuation performance. Self-plied yarns formed by a number of twisted single fibers 

generate optimal torsional performance, while the self-coiled yarns fabricated by overtwisting a 

minimal number of fibers produce highest linear performance. We also report accelerated 

desorption of moisture through resistive heating by plying conductive CNT yarns with the highly 

twisted viscose rayon for active, reversible, and fast torsional actuation of rayon TCPAs. 

7.1 Introduction 

Twisted yarns, in singles and plies, are used in everyday and specialty textiles ranging 

from apparels to fishing nets and parachutes. These textiles may serve as passive covers 

(apparel) or perform one or more specific functions (parachute). The recent discovery of the 

actuation behavior of highly twisted and coiled polymer actuators (TCPAs) and developments 

since then have been opened up new avenues to incorporate smart and responsive behavior in 

these textile products. These TCPAs are capable of producing mechanical motion upon exposure 
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to moisture and other stimuli and have been explored as powerful yet simple soft actuators [1], 

[2] with potential applications in robotics [3], [4] and smart textiles [1], [5]. The compact and 

easily processable TCPAs are capable of producing large deformation and force and can be 

assembled into textiles. After Foroughi et al [2] reported the first highly twisted fiber-based 

torsional actuator with carbon nanotube (CNT) and demonstrated its large torsional stroke 

(250°/mm) at fast speed (590rpm), there have been intensive investigations on TCPAs in terms 

of material and structure development [6], actuation control and optimization [7], modeling [8], 

and assembly for potential applications [4]. Powered by electrical potential, current, heat, 

solvent, vapor, and more, a variety of fiber forming materials including metallic fibers [9], 

carbon-based fibers [2], [10], synthetic fibers [11] and natural fibers [5] have been investigated. 

Stimuli-induced radial expansion of constituting fibers or yarns and their highly twisted and 

coiled structure are recognized as the origins of their outstanding actuation performance [1]. 

Most reported works on TCPAs are focused on the monofilament yarn [11], while a few reported 

core-sheath yarn [6], staple yarn [12], and multifilament yarn [13]. Additionally, while most of 

the reported research focus on influence of material behavior on TCPA performance, structural 

aspects of the TCPAs have not received deserved attention.  

Soft actuators that are responsive to vapor or solvent through absorption and desorption, 

are designed to have slender structures for larger surface area and fast transportation. Fibers and 

yarns (fiber assembly) are ideal structures from this perspective. Spider silk [14] and collagen 

fibers [15] have shown interesting deformation performance under moisture or solvent. TCPAs 

provides an opportunity for more fibers with otherwise overlooked sorptive response, such as 

worm silk [5], cellulose fibers [16], alginate fibers [17], and chitosan fibers [18] to use for 

actuators. 
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Here, we investigate the actuation performance of hierarchically structured TCPAs made 

from commercially available viscose rayon fibers. Viscose rayon is a regenerated cellulosic fiber 

with large radial swelling and relatively fast swelling rate [19], [20]. The fibers were twisted, 

plied, and coiled into yarn structures to produce torsional and linear actuation under moisture 

(vapor and liquid) application. The effect of fiber and yarn structure on the actuation 

performance was studied. Key structural parameters, including the fiber diameter, number of 

fibers in the twisted yarn, and twist density in the single and plied yarns were investigated. 

Moreover, active moisture desorption was investigated by incorporating resistive heating 

elements in the TCPA by plying the twisted viscose rayon with carbon nanotube CNT) yarns.  

 

7.2 Results and discussion 

7.2.1 Fiber properties 

The viscose rayon fibers used in this research (Century Rayon, India) are continuous 

filaments with typical irregular cross-sectional shapes (Figure 7-1c). Due to the non-circular 

shape, representative fiber diameter (dÄ) is calculated from the linear density of the fiber (given 

by the manufacturer) and mass density (1.5𝑔/𝑐𝑚k, from the published literature [21]). The 

calculated fiber diameters of different fiber samples range from 14 to 30.7μm, similar to that 

measured under the microscope (Figure S7- 1a, b). 
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Figure 7-1. Fiber properties. (a) Anisotropy of the fiber under polarized light microscope. (b, c) 
Water-induced radial expansion of the fiber at the cross-sectional and projected length view 
under the microscope. (d) Anisotropic swelling of diameter and length of the fiber under water 
exposure. (e) Moisture-induced fiber diameter change. (f) Tensile property of the fiber under 
ambient and wet conditions. (g) Reversible stress relief of the prestressed fiber under cyclic 
moisture change. 

Viscose rayon fibers are anisotropic due to the preferential molecular alignment along 

fiber direction during fiber manufacturing process. The anisotropy is common in textile fibers 
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and can be visualized under polarized light microscope. When the fibers are oriented neither 

parallel nor perpendicular to the polarizer, they can be illuminated (Figure 7-1a). 

The anisotropy of the viscose rayon fiber leads to differential swelling when exposed to 

water or moisture. The increase in its diameter (diameter strain of 34%) is much more significant 

than the increase in length (length strain of 4%) when in contact with water droplets (Figure 

7-1d). Both dimensions recovered as the water evaporated from the sample. When exposed to a 

cyclic RH change between 10% and 90% (around 80 seconds/cycle), a reversible diameter strain 

of 13% is produced (Figure 7-1e) with a minimal change in length of 1%. The curves of 𝑑Y and 

RH change nearly overlap, indicating the high sensitivity and fast moisture response of the 

viscose rayon fibers. Such significant and preferential radial expansion, high moisture sensitivity, 

and fast response speed make the viscose rayon a promising material for moisture-driven TCPA. 

The mechanical behavior of fiber materials for use in TCPA fabrication is very important. 

Accordingly, the viscose rayon fiber (of 21.7µm diameter) was evaluated for its tensile 

properties in ambient and wet conditions, see Figure 7-1f. The fiber is mechanically strong and 

extensible in ambient conditions, with Young’s modulus of 7GPa, breaking strength of 300MPa, 

and breaking strain of 25% to 30%. The wet fiber is much weaker, with Young’s modulus of 

0.17GPa, breaking strength of 54MPa, and a slightly higher breaking strain (30% to 40%). The 

significant softening effect of viscose rayon in water is due to the breakage of cross-links 

(hydrogen-bonds between cellulose molecules) in the amorphous regions [22]. 

Interestingly, such water-absorption-induced softening effect can relax the prestress in 

the fiber, which is restored upon subsequent water desorption. The phenomenon can be 

illustrated by the variation of stress during the absorption and desorption cycles of a prestressed, 

two end-tethered viscose rayon fiber as shown in Figure 7-1g. In this instance, the relative 
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humidity was cycled between between 5 to 85%, resulting in a reversible and consistent blocking 

stress of around 40MPa after initial two cycles. 

 

7.2.2 TCPA properties 

The viscose rayon fibers are twisted into hierarchical TCPA structures (see Methods cf. 

section 7.6.1.2), shown in Figure 7-2. In brief, the fibers are straightened with a small tensile 

load attached at one end while twists are inserted from the other end with a hand twister. Twisted 

yarns are plied or coiled to form higher level yarns. Fibers are wet with water during fabrication 

process to apply larger number of twist (Figure7-3a).  

The 1st-level structure is the precursor fiber (Figure 7-2b, c), characterized by its diameter 

(𝑑Y) and length (𝑙Y). The 2nd-level structures, dubbed as HT (Figure 7-2d), are obtained by 

inserting a high level of twist into the fiber(s). Another type of 2nd-level structures, named HTCo 

(Figure 7-2e), is fabricated by overtwisting the HTn to form uniform coils. The 3rd-level 

structures are plied yarns, fabricated by self-plying or manual-plying a number of twisted yarns, 

namded as HTsPly and HTmPly, respectively (Figure 7-2f, g). The 4th-level structures are cable 

yarns obtained by plying the plied yarns (Figure 7-2h). 
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Figure 7-2. Hierarchical structures of the TCPAs. (a) Schematic of a hierarchical yarn 
structures constructed from a fiber. Microscope images of (b) a precursor viscose rayon fiber, 
and (c) its cross-sectional shape, (d) highly twisted monofilament yarn, (e) self-coiled yarn, (f) 
self-plied yarn, (g) manually-plied yarn, (h) cabled yarn (twisting a number of plied yarns). 

For a twisted yarn, the twisting conditions and fiber geometries are critical to the 

maximum twist density (𝑇Z) which in turn affects the actuation performance. With an increase of 

applied tensile stress (3 to 20MPa), the maximum 𝑇Z of a single fiber twisted in water increases 

from 90 to 140 turn/cm, which is higher than twisted in air (Figure 7-3a). In addition, water 

effectively stabilizes the twisted shape of the fibers, resulting in a free-standing, highly twisted 

yarn, while that twisted in air rapidly untwists when released from constraints. Thus an 

appropriate level of tensile stress of 6MPa is used to insert twist into wet fibers to form free-

standing, highly twisted yarn. Moreover, larger fiber diameter and higher number of fibers in the 

yarn decreases the maximum 𝑇Z. While the maximum 𝑇Z decreases with larger fiber diameter, the 

helical angles (𝛼Z) of the monofilament yarns of different diamter at their maximum twist remain 

relatively constant (from 30° to 35°). Theoretical 𝛼Z derived from the single helix model matches 

well with the experiment, while there is an increasing deviation at both low and high twist 

(Figure S7- 7c). In terms of mechanical properties, higher twist density lowers the overall 
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mechanical properties of the yarn (Figure S7- 7d). In particular, the Young’s modulus of the HT 

yarn decreases from 8 to 4GPa with an increase of  𝑇Z  from 0 to 100 turn/cm (Figure 7-3b) 

 
Figure 7-3. Fabrication and properties of TCPAs. (a) Maximum twist density of HT1 inserted in 
air and water, as a function of applied tensile stress. (b) Young’s modulus of HT1 varying twist 
density (turns/cm). (c) Twist density (onset and complete of self-coiling) and spring index of 
(HTn)Co as a function of #𝑛Y. (d) Tensile property of the (HT5)Co. The inset is a comparison of 
tensile property of the precursor fiber, HT1, and (HT5)Co. (e) Ply density and length of the 
n(HT1)mPly as a function of #𝑛Z. (f) A comparison of the tensile property of the self-coiled yarn 
and the manually plied yarn. 
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By overtwisting the HT yarn beyond the critical level, coils start to develop [1]. 

Empirically, when the number of fibers (#𝑛Y) is less than 5, overtwisting causes the yarn 

breakage or snarl at a range of tensile stress, but when #𝑛Y ≥ 5, overtwist leads to continuous 

self-coiling. The self-coiled yarn is fabricated by overtwisting the HT yarn in water at an 

appropriate tensile stress (Figure S7- 7h). The critical 𝑇Z (onset of self-coiling), total 𝑇Z (fully 

coiled), and spring index (𝐶, radio of the diameters of the coil and the twisted yarn) as a function 

of number of fibers (#𝑛Y) are shown in Figure 7-3c. Generally, as the #𝑛Y increases, the twist 

density at onset and the complete of coiling decrease. The spring index of the HTCo is in the 

range of 1.6 to 2, varying slightly with the change of #𝑛Y. The coiled yarns have low modulus 

and strength but high strain due to the spring-like structure. In particular, HTCo (fabricated by 

overtwisting five fibers) has the breaking strength of 15mN/fiber and breaking strain of 40%, 

that differ significantly to the precursor fiber and the highly twisted yarn (Figure 7-3d). 

The 3rd-level structure are plied yarns, including the HTsPly and HTmPly. The primary 

advantages of the HTsPlys are their shape stability and reversible torsional actuation as a result 

of its torque-balanced structure. HTsPly with different number of fibers (#𝑛Y) and different 

number of twisted single yarns (#𝑛Z) are shown in Figure S7- 7e, f. HTmPly are initially 

intended to hold the maximum level of twist in the structure, as more twists are inserted into a 

bundle of twisted yarns. As the number of single yarn (#𝑛Z) increases, the maximum ply density 

(𝑇z) decreases, accompanied with a significant length contraction (Figure 7-3e). Interestingly, the 

structural and mechanical properties of HTmPly are similar to the HTCo, see Figure S7-8g, h 

and Figure 7-3f. 
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7.2.3 Torsional actuation of HT 

The torsional actuation performance of the highly twisted monofilament yarn under a 

repetitive RH change between 10 and 85% is shown in Figure 7-4. As RH increases, the yarn 

untwists rapidly with the number of rotations (∆𝑁) of around 100 turns (1/15 of the applied twist 

in the yarn) and a maximum rotational speed (𝜔) of 27 radians/s (or 286 rpm) in the first 

actuation cycle. As RH decreases, the yarn retwists with a higher maximum rotational speed of 

37 radians/s (Figure 7-4c). In the cyclic actuation, only a fraction of the untwisting rotation is 

recovered in each cycle of retwisting, leading to a continuous reduction in yarn twist (Figure 

7-4c, d). With the gradual decrease of yarn twist in the cyclic actuation, the extent of untwisting 

decreased from 100 to 70 turns in 6 cycles before being stable, while the extent of retwisting 

remained almost constant at 65 turns (Figure 7-4b)

 

Figure 7-4. Torsional actuation of HT. (a) Cyclic change of RH (with minor variation of 
temperature, T) in the chamber for actuation. (b) Number of rotation (∆𝑁′, reset) during 
untwisting and retwisting in each cycle. (c) Number of rotation (∆𝑁′, accumulated) and 
rotational speed (𝜔) as a function of time. (d) ∆𝑁′as a function of RH showing the actuation 
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hysteresis and gradual untwist. The parameters of HT in this experiment is: 𝑑Y = 21.7µ𝑚, 𝑇Z =
100𝑡𝑢𝑟𝑛/𝑐𝑚, #𝑛Y = 1, , 𝑙Z = 10𝑐𝑚. 

Assuming negligible change of lengths of fibers (𝑙Y) and twisted yarns (𝑙Z) during 

actuation [23], the theoretical number of rotations can be calculated by,  

 
∆𝑁 = 𝑛Z,? Æ

𝑑Z,?
𝑑Z,=

− 1Ç = 𝑙Y𝑇Z
𝑙Z
𝑙′Z
Æ
𝑑Z,?
𝑑Z,=

− 1Ç 
Eq. 27 

where 𝑑Z,? and 𝑑Z,= represent the diameters of the highly twisted yarns at ambient and swelled 

state, 𝑛Z,? is the number of inserted twists in the yarn (𝑛Z,? = 𝑇Z𝑙Y
G[
G[q

), 𝑙′Z and 𝑙Z are the length of 

the twisted yarn after twist insertion and length of the yarn for actuation, respectively. In this 

example, 𝑙Y = 15cm, 𝑙Z = 11cm, 𝑙′Z = 13cm. This equation suggests that the torsional stroke is 

dependent on the inserted twist density and the radial expansion of the twisted yarn. Here we 

further approximate the radial expansion of the twisted yarn as a function of that of the precursor 

fiber using the trigonometric relation,  

 𝑑Z,?
𝑑Z,=

=
𝑑Y,?
𝑑Y,=

cos 𝛼Z,? 
Eq. 28 

By using the experimentally measured 𝛼Z,? (Figure S7-8c) and the 𝑑Y at different RH (Figure 

7-1e), we calculated the ∆𝑁 of 119 turns for the HT, which is higher than the experimental ∆𝑁 of 

100 turns and 65 turn/cm (number of untwist and retwist of the first actuation cycle) shown in 

Figure 7-4b. Such difference between the calculated and experimental valutes of ∆𝑁 can be 

explained by several factors: (1) non-circular cross-sectional shape of the yarn, (2) the slight 

increase in length of the yarn due to moisture absorption (Figure 7-1d), and (3) reduced swelling 

capacity of the highly twisted [12] and strained yarn [19]. Others also reported [23] similar 

observations, with nylon TCPAs having relatively low twist density (around 1.7 turn/cm) and the 

calculated ∆𝑁 being higher than the experimental ∆𝑁 with increasing twist density. However, 
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some reported opposite phenomenon. For example, Li et al [12] and Jia et al [5] reported 

underestimation of ∆𝑁 at increasing twist density.  

Given that the HT yarn is too fragile to measure the torque, the principle of torsional 

pendulum is used here to characterize the torsional mechanical output of the yarn. In brief, the 

motion of the paddle attached at the bottom of the yarn during actuation is recorded to interpret 

the intial torque (𝜏) and peak power output (𝑃) of the yarn. They are 10.5𝑛𝑁 ∗ 𝑚 and 0.97µ𝑊, 

calculated by, 

 
𝜏 = 𝐼z�N𝛼~B~Z~�G =

𝑚z�N𝑊z�N
>

12 𝛼~B~Z~�G 
Eq. 29 

and, 

 
𝑃 =

𝐼z�N𝜔zg�S>

2  
Eq. 30 

where 𝐼z�N is the moment of inertia of a rectangular (1.41 ∗ 10JÉ kg*m2), 𝑚z�N and 𝑊z�N are 

the mass and width of the paddle, and 𝑎~B~Z~�G and 𝜔zg�S are the peak rotational speed and initial 

acceleration The torque density and peak power density, normalized by the mass of the yarn 

(6.11μg), are 173 mN*m/kg and 16 W/kg, respectively.  

 
7.2.4 Torsional actuation of HTsPly 

The torsional performnce of the self-plied yarn is better than the twisted yarn. During 

torsional actuation, the torque generated in the constituting HTs in the untwisting direction 

induces plying of the HTsPly. Upon subsequent retwisting of the HTs, the number of twist in the 

plied yarn recovers almost completely due to the torque-balanced structure of the HTsPly 

(Figure 7-5a-c). Compared to the actuation performance of HT, the HTsPly has higher 

maximum 𝜔 (45𝑟𝑎𝑑/𝑠), 𝜏 (19𝑛𝑁 ∗ 𝑚) and peak 𝑃 (1.2µ𝑊), and similar ∆𝑁. However, when 

normalized, the torque density and peak power density (155 mN*m/kg and 9.7 W/kg) are both 
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lower than the HT. The results indicate that self-plying not only enhances the actuation 

reversibility but also increases the torque and power output. 

 
Figure 7-5. Torsional actuation of HT and HTsPly. (a, b) ∆𝑁′of HT and HTsPly in a cyclic 
moisture actuation as a function of (a) time and (b) RH. (c) ∆𝑁 of untwist and retwist. (d) 
Comparison of torsional actuation performance with other moisture/water driven TCPAs. 
Triangle symbol (▲) represents water actuation, and rectangle symbol (■) represents moisture 
actuation. Unfilled symbol (□) represents 2-ply yarn, solid-filled symbol ((■)) represents single 
yarn, and pattern-filled symbol represents 10-ply yarn. The parameters of HT in this experiment 
is: 𝑑Y = 21.7µ𝑚, 𝑇Z = 100𝑡𝑢𝑟𝑛/𝑐𝑚, #𝑛Y = 1, , 𝑙Z = 10𝑐𝑚. Two of such HTs are self-plied to 
form the HTsPly studied here. 

Figure 7-5g compares the torsional actuation stroke (∆𝑇 = ∆X
G[

) and peak torque density of 

the above HTsPly to other reported moisture (or water)-driven TCPAs [5], [10], [12], [13], [24], 

[25]. The measurement of torsional stroke and calculation of torque are the similar in all reports, 

while the former counts the number of rotations of a yarn with a paddle attached at the bottom, 

and the latter is based on the rotational dynamics of the paddle. As a result, the viscose rayon-
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based TCPA in our experiment produces relatively higher torque density and moderate torsional 

stroke.  

The self-plied yarn have been often reported for reversible torsional actuation of 

TCPAs[5], [11]. However, we noticed that there is a lack of study on the effect of structures on 

the actuation performance of HTsPly. Therefore, in the following sections, the key structural 

parameters of HTsPlys (𝑑Y, 𝑇Z, #𝑛Y, #𝑛Z) are evaluated on their torsional performance, with the 

purpose of optimizing the actuation performance through the structural design.  

 
7.2.4.1 Effect of fiber diameter and twist density  
 

Viscose rayon fibers with diameter of 14, 21.7, and 25.4µm (Figure 7-6a) were used to 

study the effect of 𝑑Y on the torsional actuation of HTsPly. A constant 𝑇Z of 100turn/cm was 

inserted into HT, and two of them were then self-plied into HT1sPly. With increasing fiber 

diameter, there is a slight increase and then decrease of ∆𝑁 (average of three specimens and five 

actuation cycles for each specimen) (Figure 7-6b). The change of ∆𝑁 with 𝑑Y is subtle, 

considering the variation of ∆𝑁 due to the slight difference in (1) RH in different cycles, (2) and 

the structural difference of different specimen due to fiber non-uniformity. The maximum 

rotational speed, peak torque and power output, however, increase obviously with the increase of 

fiber diameter (Figure 7-6c, d). In particular, the 𝜔 of untwist and retwist increases from 18 to 34 

rad/s and -23 to -48 rad/s, respectively, 𝜏 increases from 5 to 21 nN*m, and peak 𝑃 increases 

from 0.3 to 1.4 μW. 

The effect of 𝑇Z on the torsional performance of HTsPly is studied insert different twist 

into the viscose rayon fibers of a constant 𝑑Y of 21.7µm, see Figure 7-6e-h. As expected, the 

actuation performance enhances with the increase of 𝑇Z. In particular, when 𝑇Z increases from 50 

to 100 turn/cm, the ∆𝑁 increases from 40 to 70 turns (Figure 7-6f), 𝜔 of untwist and retwist 
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increases from 20 to 32 rad/s and -22 to -40 rad/s (Figure 7-6g), respectively, peak 𝜏 increases 

from 7 to 19 nN*m, and peak 𝑃 increases from 0.4 to 1.2 μW (Figure 7-6h). 

 
Figure 7-6. Effect of fiber diameter and twist density on the torsional results of HTsPly. (a) 
Cross-sectional images of fibers with diameters of 14, 21.7, 25.1µm. (b-d) Torsional actuation 
results of the HTsPly fabricated from fibers of three diameters with same twist density of 100 
turn/cm. (e) Microscope images of HTsPlys fabricated from 21.7µm fiber with different twist 
density, and (f-h) their torsional actuation results. 

7.2.4.2 Effect of the number of fiber and single yarns  
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Monofilament yarns with diameters of 10 to 30µm are mechanically weak. A common 

method to enhance the strength of the yarn is to twist more fibers into the yarn. Here we increase 

the number of fibers in the self-plied yarn by two approaches: (1) increase #𝑛Y in the single yarn, 

(2) increase #𝑛Zin the plied yarn. 

The effect of #𝑛Y on the actuation performance of HTsPly is shown in Figure 7-7a-d. 

Since the maximum 𝑇Z decreases with increasing #𝑛Y, and low 𝑇Z reduces the actuation 

performance, we limit the maximum #𝑛Y to 5 and insert a constant 𝑇Z of 50 turn/cm. As a result, 

there is an overall reduction in the actuation performance when #𝑛Y increases (Figure 7-7b-d). In 

particular, the number of rotation decreases from 42 to 27 turns, the maximum rotational speed 

decreases from -26 to -6 rad/s, the initial 𝜏 and peak 𝑃 decreases from 7 nN*m and 0.37 μW to 

2.3 nN*m and 0.03 μW, respectively. The results suggest that to achieve better actuation 

performance, the #𝑛Y should be minimized.  

Then, the effect of #𝑛Z on the torsional performance of HTsPly is studied. A constant 𝑇Z 

of 100 turn/cm was inserted into a single fiber, followed by self-plying a number of them (Figure 

7-7e). As a result, with an increasing #𝑛Z, the torsional actuation performance enhances (Figure 

7-7f-h), with a slight increase of ∆𝑁 from 70 to 80 turns, higher rotational speed inreased from 

40 to 60 rad/s, as well as an increase of the initial 𝜏 and peak 𝑃 from 19 to 30 nN*m, and 1.2 to 

2.3 μW, respectively. The results suggest that the torsional actuation of HTsPly can be enhanced 

by plying more twisted yarns. 
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Figure 7-7. Effect of the number fibers (#𝑛Y) and single yarns (#𝑛Z) on the torsional results of 
HTsPly. (a) Microscope images of HTsPlys, and (b-d) their torsional actuation results. (e) 
Microscope images of HTsPly, and (f-h) their torsional actuation results. 
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7.2.5 Linear actuation of HTCo 

The coiled yarns fabricated by overtwisting contract immediately when exposed to 

moisture (vapor or water) and recover after moisture desorption. The microscopic structures of 

HTCo and their actuation results are shown in Figure 7-8a-d. The linear strain of the HTCo due 

to water absorption is around 10% (Video S1), which remains relatively constant with increasing 

#𝑛Y. However, the linear strain is lower when actuated with RH change and decreases from 8% 

to 2% with increasing #𝑛Y (Figure 7-8b, Video S2). This might be due to the restricted 

transportation of water moleculesin the vapor form into the inner fibers of the highly packed 

yarn. A constant stress of 6MPa is applied during actuation, giving a work output of 3 ∗ 10J�𝐽 

and work capacity of 100 J/kg of HTCo.  

The blocking force HTCo, shown in Figure 7-8c, d, was measured isometrically (constant 

length) by exposing the two end-tethered yarn to water mists. The blocking force was triggered 

by continuous spray and cyclic spray of water mist. The former method saturates the yarn with 

water and thus induces the yarn contraction of its full capacity, while the latter method is used to 

demonstrate the cyclic actuation of HTCo. As a result, with increasing #𝑛Y, the overall blocking 

force increases, but the force density (normalized by #𝑛Y) deceases from 4.2 to 3 mN/fiber under 

continuous spray of water (Figure 7-8c). The cyclic spray of water generates lower but relatively 

steady blocking force as the water quickly evaporates and dissipates in the ambient (Figure 

7-8d). 

The manual-plied yarn, HTmPly, also generate large linear contraction during moisture 

absorption, see Figure 7-8e, f,. The linear strain decreases almost linearly with increasing #𝑛Z 

under both water and moisture actuation (Figure 7-8f).  
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Figure 7-8. Linear actuation results of (HTn)Co. (a) Microscope images of the (HTn)Co. (b) 
Linear strains of (HTn)Co made with different number of precursor fibers as a result of water 
and moisture. (c) Full (equilibrated) blocking force of selected (HTn)Co by continuous spray of 
water mist. (d) Blocking force of selected (HTn)Co by one-time spray of water mist. 

7.2.6 Electrical actuation of torsional TCPAs 

We observed that the HTsPly rotates in one direction when hand approaches but rotates 

in the opposite direction when the approaching hand is covered by a moisture-barring glove 

(Video S3). The former phenomenon is due to the high RH near the hand (85%) that induces the 
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radial expansion of the viscose rayon. The latter phenomenon is possibly due to the slightly 

higher temperature near the hand (+4℃) that induces the moisture desorption from the yarn. We 

hypothesized that the yarn can be actuated by elevating temperature. Therefore, electrothermal 

actuation is studied by plying a CNT yarn (resistive heating) with the viscose rayon yarns 

(Figure 7-9b). Two of such plied yarns are brought together in order to connect electrical wires 

from one end for voltage application (Figure 7-9c). 

The CNT yarns were fabricated by drawing a CNT sheet from the forest and inserting 

twists in the meantime (Figure 7-9a). The obtained CNT yarn has a diameter of 50±5µm, and a 

resistance of around 280Ω/cm for voltage between 5 to 15V (Figure 7-9d). The self-plied CNT-

viscose rayon yarns are shown in Figure 7-9b. Upon application of 15V, the yarn rotate 

immediately for 20 turns (with the direction same as the RH decrease-induced rotation) with 

maximum speed of 25 rad/s, and recovers partially with a much slower speed (Figure 7-9g, 

Video S4). The numbers of untwist and retwist in a cyclic actuation are relatively stable at 

around 12 and 18 turns, respectively (Figure 7-9g-h). Compared to the electrothermal actuation, 

the moisture actuation of the same yarn of the same yarn have generates higher torsional stroke, 

speed, and reversibility (Figure 7-9e, Video S5).  

Under the electrothermal actuation, the two strands of the yarn plies, leading to an 

increase of contact region of CNT yarns and an increase in electrical current under same applied 

voltage. While the contact area between CNT yarns is too large, the heat generated by the 

instantaneous current surge can burn the viscose rayon (Figure 7-9i). Since the large current 

passes only through the upper region of the yarns that are not plied, the rest region remains 

visually intact. Interestingly, such “damaged” yarn can still work under electrothermal actuation, 

with slightly decreased torsional stroke Figure 7-9j). This suggest that the properties of the 

unburned region of the yarn are not altered.  
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Figure 7-9. (a) Drawing and twisting of CNT yarn from forest. (b) Microscope images of a CNT 
yarn plied with one and four HT1. (c) Schematic of electrothermal actuation setup. (d) IV curve 
of the CNT yarn. (e-f) Moisture actuation and (g-h) electrothermal actuation results of the CNT-
plied yarn. (i) Microscope images of burned region of the yarn due to overheating. (j) 
Electrothermal actuation results of the burned yarn shown in (i). 
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7.3 Conclusion 

In conclusion, we demonstrated the moisture-driven torsional and linear actuation 

capability of viscose rayon by constructing highly twisted structures and studied the structural 

parameters on the actuation results. As expected, self-plied yarns show higher actuation 

reversibility compared to the single yarns, due to the torque-balanced structures. Increasing twist 

density is an effective method to enhance the torsional actuation results. However, the maximum 

twist density in a yarn decreases with increasing fiber diameter and increasing number of fibers 

in a yarn. With same twist density, yarns with larger diameter generate similar torsional stroke 

but have higher speed, torque and peak power output. With same twist density, yarns with more 

precursor fibers have an overall decreasing actuation result. Therefore, the optimal torsional 

actuation can be obtained by inserting largest twist density into one fiber of an appropriate 

diameter. Self-plying more numbers of HT enhances the mechanical strength and the overall 

actuation performance of the yarn. For linear actuation, the self-coiled yarns generate a 

contractile strain of around 10%, with blocking force of 3 to 4.2 mN/fiber, by applying water 

mist to the yarn. For the water actuation, increasing the number of fibers has small effect on the 

linear strain but longer recovering time and decreasing blocking force density. For moisture 

actuation, the overall actuation results decrease with increasing number of fibers. We also 

demonstrated electrothermal actuation of the torsional yarns, by plying a conductive CNT yarn 

with the highly twisted viscose rayon. By applying a cyclic voltage of 0 to 15V, the plied yarn 

generates reversible rotation with a decent torsional stroke and speed. 
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7.6 Supplementary information 

7.6.1 Experimental method 

7.6.1.1 Fiber characterization 
The as-received viscose rayon filament yarns are slightly twisted filament bundles 

composed of tens to hundreds of filaments of certain denier (grams per 9000 meter), shown in 

Figure S7-1a. 

 
Figure S7- 1. Fiber diameter of the viscose rayon samples. (a) The table of yarn parameter, and 
diameters calculated from given yarn parameters and microscope images. (b) A plot of 𝑑Y 
calculated from two methods. (c) Cross-sectional microscope image of the fiber samples. 

Structural, mechanical, and swelling properties of viscose rayon fibers were 

characterized. The cross-sectional view of fiber bundles was captured under optical microscope, 

and the fiber diameter was measured by calculating the cross-sectional area of the fiber. The 

cross-section of the fiber bundle was prepared by fixing the bundle in a rubber cork and then 

slice a flat thin layer. The anisotropic property of the fiber was visualized under the polarized 

light microscope, as the fiber is only visible when the fiber length direction is neither parallel nor 

perpendicular to the incident light direction.  

The swelling behavior of the fiber was recorded under microscope, and the change in 

cross-sectional area or the diameter was measured on the video frame by frame. For water-
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induced swelling, the cross-sectional view of the fiber bundle for microscopy was prepared as 

above, then a droplet of water was brought in contact with the bundle and left evaporating 

naturally in air. Microscope images of the fiber cross-section before swelling, just after swelling, 

and after deswelling were taken and the diameter change was measured. The water-induced 

swelling of the fiber was also measured at its projected length on single fiber (not bundled). The 

moisture sorption-induced swelling was also measured, by enclosing the fiber in a RH chamber 

that can change from 5% to 90%RH within a minute. A stereomicroscope (AmScope, SM-3 

series) with large space between the lens and sample stage (165mm) was used to place the 

customized RH chamber (30*30*100mm). The projected diameter change of the fiber under 

cycles of RH from 5 to 90% was recorded by microscope video, and in the meantime, the RH 

was recorded with a RH sensor. The length change due to water and RH was measured by a 

video camera, as the fiber elongates and recovers with by hanging a light weight (0.1g, 5.4MPa) 

at the fiber end. 

The mechanical properties of the fiber were measured by a universal tensile tester (MTS, 

30G). The stress-strain behavior was recorded by stretching a 3-cm long fiber to break at a speed 

of 1cm/min. A 1N load sensor was used to measure such tiny force generated by a single fiber. 

The ambient mechanical test was conducted under 55%RH and 23℃. The wet mechanical test 

was conducted by immerse the fiber in a water bath (room temperature), while the fiber was 

connected to the load sensor at one end, and at the other end connected to a heavy weight seated 

at the bottom of the water bath (Figure S7-2). The stress of the fiber was calculated by 

normalizing the force by the cross-sectional area of the fiber, which was calculated by taking the 

areal strain of 65%. The stress relaxation of the fiber conducted by prestretching the fiber to 

0.03N (86.7MPa) and then measuring the force change with time at the ambient condition.  
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Figure S7- 2. Mechanical test of the wet fiber. 

 
7.6.1.2 Fabrication of hierarchical TCPAs 
 

A large number of twist (50~180 turn/cm) was inserted into the viscose rayon fibers to 

make TCPAs. A twist tester was modified and used to insert twist into fibers. As shown in 

Figure S7-3, a fiber with given length was clamped at one end to the twister head to insert twist 

in Z-direction, and at the other end tied to a lightweight paddle to; 1) straighten the fiber for 

twisting, 2) keep the fiber end from rotating (untwisting), 3) allow twist contraction, 4) prevent 

early snarling. The fiber can be twist in air (Figure S7-3b) or in water Figure S7-3c), while the 

latter method can insert more twist and at the same time stabilize the twisted shape. In addition to 

that, the fiber twisted in air tends to break at a certain amount of twist, while that twisted in water 

is prone to snarl (Figure S7-4). Both higher twist density and self-coiling (due to the onset of 

local snarling) are desirable for TCPAs. Therefore, unless specified, all the TCPAs used in this 

experiment was twisted (and coiled) in water.  
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Figure S7- 3. Fiber (or yarn) twisting setup. (a) Schematic of fiber twisting. A fiber is Z-twisted 
by rotating the twisting head counter-clockwise, while restricting the rotation of the other end of 
the fiber with a lightweight paddle. Twist contraction is allowed. (b) Setup of fiber twisting in 
air. (c) Setup of fiber twisting in water. 

 
Figure S7- 4. Snarling and self-coiling of the highly twisted fiber. 

 
The tensile stress exerted by the paddle is critical in the twisting process. If too large, the 

fiber breaks at low twist; if too small, the fiber snarls at low twist (Figure S7-4). To increase the 

twist density and being able to make coils by overtwisting, the appropriate tensile stress (or the 
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weight of the paddle normalized by the cross-sectional area of the fibers) need to be determined. 

Paper clips were used as the paddle for the easy shaping, tying to the fiber, and changing the 

weight. Figure S7-5 shows the paper clips with weight from 0.1g to 1g. 

 
Figure S7- 5. Weights used for the tensile stress during TCPA fabrication. 

 

The highly twisted single yarn, named as HTn, with 𝑛 ≥ 1, was fabricated in water with a 

selected tensile stress of 6MPa (unless specified otherwise). By overtwisting the HTn at an 

appropriate tensile stress in water, uniform coils can be formed throughout the yarn. The self-

coiled yarn, (HTn)Co, is fabricated with this process. 

The self-plied yarns were fabricated by bringing a number of HTns together at two 

leading ends, applying water, and letting them freely rotate to self-ply. We named the self-plied 

yarns as the n(HTn)sPly, with the n in the parentheses refers to the number of fibers in the single 

yarn (#𝑛Y), and n outside the parenthesis represents the number of single yarns (#𝑛Z). To prevent 

the local snarling of the yarn due to slacking, individual single yarns were straightened by the 

tensile load generated by the paper clips, which can prevent the rotation of individual yarn in the 

ply while maintaining the tension on each yarn (Figure S7-6a, d). Water droplet was applied to 

the bundle to initiate rapid self-plying in the S-direction, opposite to the twisting direction of 

single yarns. By applying water to the yarn and let it evaporate naturally in air for several times, 

the self-plied yarn with visually uniform ply was obtained (Figure S7-6e, f). A black CNT yarn 
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was used here to show the uniformity of the ply that can been easily seen with bare eyes. A 

rectangular reflector was then attached to the yarn for later torsional actuation. 

 
Figure S7- 6. Self-plying process. (a) A bundle of HTns was clamped on the twister. (b) The 
bundle self-plies after applying water and let dry in air. (c) A reflector was attached to the ply 
for later torsional actuation. (d, e) Zoomed-in views of the bundle before and after self-plying. (f) 
Microscope image of the self-plied yarn. In this example, four HT1s (white) and a CNT yarn 
(black) were plied. 

The manually plied yarns, named n(HTn)mPly were fabricated similar to n(HTn)sPly, but 

the twists were manually inserted into the bundle in the same direction as the single yarns. The 

initial purpose of making n(HTn)mPly is twofold; 1) having higher twist to the yarn for better 

actuation performance, and 2) increase the mechanical strength of the yarn. However, in the 

fabrication process, we noticed a phenomenon similar to the (HTn)Co, i.e., the yarn length 

shortens significantly after a critical twist level, upon which local knots start to develop and 

propagate. If not broken during the twisting process, a visually uniform n(HTn)mPly can be 

obtained with a significant length contraction (around half the original length of the single yarn 

HTn). 
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The cabled yarns were fabricated by plying the plied yarns, similar to the process of 

making plied yarns. 

 
7.6.1.3 TCPA characterization 
 

The TCPAs were characterized by their structural and mechanical properties, similar to 

the characterization of viscose rayon fibers. The swelling-induced torsional and linear motion 

detection are described the actuation sections. The structural features of TCPAs were primarily 

identified by the optical or the stereo microscopy, with key structural parameters measured from 

the microscope images. These structural parameters include the twist angle of single yarn (𝛼Z), 

ply angle of the plied yarn (𝛼z), spring index of the self-coiled yarn (𝐶 = N�
N[

), and their lengths 

(𝑙Z,	𝑙z, 𝑙R) (Figure S7-7). The mechanical properties were obtained by stretching the yarn to break 

at 10mm/min with the tensile tester and the force was measured with the 1N load cell.  

 
Figure S7- 7. Structural parameters of TCPAs. From left to right are, precursor fiber, highly 
twisted yarn, self-plied yarn, and self-coiled yarn. The yellow line on the fiber surface is used to 
guide your eyes. 
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The structural and mechanical properties of highly twisted monofilament yarn, HT1, is 

shown in Figure S7-8a-d. Due to the irregular cross-sectional shapes of the fiber, the diameter 

and helical angle of the twisted yarn varies along the length of the yarn. An averaged helical 

angle as a function of twist density is shown in Figure S7-8c, which is close to the theoretical 

value. The tensile properties (stress-strain curve) of HT1 as a function of twist density is shown 

in Figure S7-8d. The microscopic structures of other hierarchical TCPAs fabricated with 

different structural parameters are shown in Figure S7-8e-h. 
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Figure S7- 8. Structural features of the TCPAs. (a-c) Structural features of highly twisted 
monofilament. (a) Schematics of twisted fibers with different cross-sectional shapes. (b) 
Microscope images of highly twisted viscose rayon fiber. (c) Experimental and theoretical 
helical angle of HT1 as a function of twist density. The HT1s are fabricated from fibers with 
diameters of 14 and 21.7µm. (d) Stress-strain curves of HT1 with different twist density. (e-f) 
Microscopic images of self-plied yarns, including (d) the n(HT1)sPly and (e) the 2(HTn)sPly. (g) 
Microscope images of manually plied yarns, n(HT1)mPly. (h) Microscope images of self-coiled 
yarns, (HTn)Co. 

 
7.6.1.4 Torsional actuation test 
 

When exposed to moisture or water, the highly twisted (and plied) yarns rotate rapidly 

due to the swelling-induced untwisting of single yarns. They rotate back upon subsequent 

moisture decrease or drying. The torsional actuation and measurement setup is shown in Figure 

S7-9a, b. The highly twisted (and plied) yarns were hung on the twister and enclosed by a 

customized humidity chamber. The chamber (Figure S7-9c) is capable of reliably change RH 

from 10%±5 to 85%±5 in 40 seconds (Figure S7-9d), by controlling the input of humid and dry 

air which was created by pumping water through water tank and desiccating tube, respectively 

(Figure S7-9b). The rapid rotation of yarns was recorded with an infrared sensor (Gikfun, China) 

that counts the number of rotations by the reflection of the aluminum reflector attached at the 

free end of the yarn. The tachometer was wired on the Arduino Uno and then interfaced with 

Matlab to record the rotation data. The Matlab (code in the Appendix) recorded the rotation data 

as the number of rotations as a function of time, and processed it into the forward and backward 

rotation (or untwisting and retwisting of the yarn), as well as the rotational speed. At the same 

time, the real-time RH and T were recorded by the RH sensor (SHTC3, Sensirion AG, 

Switzerland).  
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Figure S7- 9. Torsional actuation and measurement setup. (a) Photograph of the experimental 
setup. (b) Schematic of the setup. (c) RH chamber design. (d) Cyclic RH change in the chamber. 

The maximum rotational speed and initial acceleration used to calculate the initial torque 

and peak power output were obtained by analyzing the data measured by the tachometer. As 

shown in Figure S7-10a, b, the maximum 𝜔 of HTsPly of around 38 rad/s is observed in the 

retwisting (RH decrease) process during cyclic actuation. The initial acceleration is obtained at 

the nearly linear acceleration region during retwisting within 5 seconds (Figure S7-10c). 
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Figure S7- 10. Obtaining the torsional acceleration for initial torque calculation. (a) Torsional 
speed and acceleration of HT under cyclic actuation. (b) Zoomed-in view of half of a cycle 
during RH reduction. (c) Zoom-in view of initial near-linear acceleration region, and linear 
curve fitting to obtain the initial acceleration. 

 
7.6.1.5 Linear actuation test 
 

The linear actuation of the TCPAs was driven by water and RH change. In both cases, the 

yarns were hanging vertically on a wall with one end fixed and the other end tied to a paper clip 

with known mass. The paper clip exerted tensile stress on the yarn to prevent it from untwisting, 

and also prevent over-contraction and snarling when actuated. Since the linear actuation is 

relatively slow (seconds) and easy to track, a video camera was used to record the actuation 

behavior. For water-induced linear actuation, a water droplet was rapidly swipe through the yarn 

(about a second), which contracted in five to ten seconds and then extended back as the water 

evaporates (Figure S7-11a). For RH-induced linear actuation, the RH of the chamber was cycled 

between 10% to 85% in 80 seconds (Figure S7-11b). The length change of the yarn was 

measured by analyzing the video frames. 
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Figure S7- 11. Linear actuation and measurement setup. (a) Linear actuation by applying water. 

(b) Linear actuation by changing RH. 

  



   

210 
 

Chapter 8 Conclusion 

Lightweight, compact, and reliable soft actuators are needed for many emerging 

applications such as wearable and biomedical devices, but such practical devices remain elusive. 

Better material choice together with appropriate structural design provide a potential approach to 

develop soft actuators capable of producing diverse motions. This dissertation aims to examine 

appropriate structures of soft actuators for wearable applications. Three types of structures 

covering different stimuli-responsive materials and actuation methods have been investigated. 

First, we discuss a bistable laminated DEA inspired by the fast closure of the Venus Flytrap, that 

is capable of rapid and self-sustainable shape transformation. Due to the high voltage required 

for actuation and its potential safety concerns, we then examine moisture as a more suitable 

source of stimuli for soft actuators. Commercial films (cellophane) and fibers (viscose rayon) 

made from regenerated cellulose were selected as the base materials for the following 

investigations. Cellophane actuators were designed into self-walking robots and motion-

programmable actuators based on the moisture-induced bending deformation of the film. 

Similarly, highly twisted and coiled polymer actuators (TCPAs) made from viscose rayon were 

designed into hierarchically twisted structures that generated rapid torsional and linear motion 

under moisture and electrical actuation.  

The studies on bistable DEA demonstrate a facile design that can be switched between 

two stable states using a sufficiently high ‘electric field. The bistable DEA fabricated using the 

stretch-attach-release process offer many advantages, including control of the DE layer thickness 

that can reduce the actuation voltage, compact and lightweight without the need of rigid frames 

to maintain the stretch, and self-sustainable shape at no energetic cost. We demonstrated the use 

of bistable DEA as a binary valve or shutter that can operate on curved surfaces. Bistable DEAs 

offer promising potential for applications in wearables and other soft robotics due to the facile 
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fabrication, lightweight, and low cost. However, many issues need to be addressed for their 

future application, including the high actuation voltage and related material failure, long-term 

shape stability due to stress relaxation, and complex electronics that provide multiple high 

voltage channels.  

The second study presented a rapid, large, and reversible bending of cellophane under 

moisture change. The films were designed into self-walking robots that can autonomously and 

directionally move on a moist surface. Diverse actuation motions of the films were designed and 

fabricated with a facile trim-laminate method. Cellophane actuators can be potentially used in 

soft robotics or for smart textiles due to their commercial availability materials, fast and reliable 

response, and facile structural design for diversity of motions. However, the application of the 

cellophane can be restricted by the shape distortion by water and low force output through 

bending actuation. 

The third study reported torsional and linear motion of TCPAs fabricated from 

hierarchically twisted viscose rayon fibers. Key structural features of the TCPAs were identified, 

and their effects on the actuation results were evaluated. While self-plying multiple twisted yarns 

enhanced the reversibility of the torsional actuation, plying more twisted yarns made from a few 

fibers improved the overall performance. For linear actuation, the self-coiled yarn generated a 

maximum contractile strain of 12% and blocking stress of 4 mN/fiber, while the mandrel-coiled 

yarn generated a remarkable strain of around 500% with negligible force output. Electro-thermal 

actuation at a low voltage was achieved by plying a conductive yarn (CNT) with the twisted 

viscose rayon. Multistimuli-driven, viscose rayon-based TCPAs provide promising potential in 

the application of wearables and smart textiles due to their remarkable performance (i.e., high 

speed, strain, force, output power, and energy density), lightweight and compact structures, facile 

fabrication, compatible integration into textiles, and low cost. Further efforts are needed to 
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bridge the gap between the benchtop study and the real-world applications, including the 

fabrication of longer length TCPAs at a larger scale, assembly for higher mechanical strength 

and larger mechanical output, integration into higher-level systems (i.e., fabrics) with reliable 

actuation performance. 

 


